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Optical access technology has experienced a boost in the last years, 
thanks to the continuously migrating multimedia services that are offered 
over the internet. Though the devices used for deploying Fiber-to-the-
Home instead of traditional copper-based solutions are still based on 
micro-optics, an evolution towards photonic integration can be foreseen. 
What remains is the question about the exact designs for this important 
step of integration, which should be optimized in terms of transmission 
performance, energy efficiency and cost to address all requirements of 
next-generation photonic networks. 
 
As the most critical element in optical access, the customer premises 
equipment is in primary focus of this discussion. The covered topics span 
over a wide range and include wavelength recycling for full-duplex data 
transmission on a single optical frequency, the generation of advanced 
modulation formats with low-cost semiconductor modulators with small 
form factor, support for optical amplification by means of seeding 
techniques and the support of higher layer functionality at the physical 
layer. 
 
Next to the principal proof of the proposed techniques, the benefits, 
impediments and upgrade paths towards multifunctional photonic 
systems are highlighted in different case studies, while the most 
representative designs are further discussed in their capability of being 
photonically integrated. 
 








First of all I have to look towards my roots and thank my parents, who supported my 
stay abroad during all the years of my PhD study and my academic career development 
during the years before. I understand that it was not completely easy for them, not only 
because of my long absence and the few trips back to Austria, but also due to the 
attitude a scientific researcher has when he is stressed. I fear, however, that the time for 
the return to my homeland has still not come. 
 
Next, I want to gratefully acknowledge the opportunity that Prof. Josep Prat gave me to 
join his team and the good infrastructure he provided for us. His broad knowledge in 
optical access networks allowed me to settle in a completely different field of research 
that has its own rules, especially when looking back at my academic origins in 
microelectronics, semiconductor physics and quantum cryptography – though the main 
focus was always concentrated on optical telecommunications. 
 The most work deriving from my PhD study had probably Dr. Jose A. Lazaro, who 
had the pleasure of sitting opposite of my workplace and thus directly in front of me. 
With this, he got permanently into scientific discussions about many different topics. He 
never had problems to tune from one to the next topic though being appointed also to 
other research and administrative problems, and indeed he always had good answers 
and suggestions for me, especially during the process of writing the right words in the 
paper manuscripts. 
 
The climate in the group wouldn’t have been the same without my other colleagues who 
were mostly obtaining their PhD degree as I did. Here I want to mention Francesc 
Bonada and Josep M. Fabrega first, who shared the table on the left-hand side of mine 
and in the second case most of the early morning hours. I will keep not only the funny 
lunch times but also the fruitful and relaxed discussions in the morning hours from 7-
9am, next to a coffee, in mind (the emphasis here is on “next to”). In fact, most of the 
ideas I had during my work were developed in these early hours that provided some 
inspiring and unique atmosphere. At this point I also want to mention the time that 
Francesc spent in several experiments we performed together, most of them having a 
productive outcome, leading also to a relative high number of journal publications and 
conference visits. 
 Since it is always a paralyzing shock when jumping into cold water the first time, I 
would like to acknowledge the support from Victor Polo and Mireia Omella, helping me 
to get into the handling of the lab instrumentation and RF stuff. Especially Victor, who 
 
Acknowledgements  viii 
 
did his job as lab chief well during all the years, received many questions for many 
times and had always an open ear for them. Eduardo Lopez and Ivan Cano as well as the 
colleagues from the “software level” shall be acknowledged for the good atmosphere 
they provided during the many working hours. 
 
Finally I want to acknowledge the support by our collaborators outside of UPC. Without 
the continuous support with photonic devices there would not have been the same 
amount of positive outcome. Christophe Kazmierski, but also Guilhem de Valicourt and 
Romain Brenot from Alcatel-Thales III-V Lab guaranteed a steady flow of new samples 
for me, and I hope that we have done well in turning that support into successful 
experimental proofs for different techniques that can be used for future research. 
 In addition, I want to express my gratitude to Prof. Hercules Avramopoulos and his 
team at NTUA for his point of views before and at the end of my PhD study, as well as 
for their support and good atmosphere during my long-term mobility end of 2010 to 
Athens. Back at the roots, I also want to thank Prof. Walter Leeb for his regular opinion 
during my academic career. 
 
At last it has to be mentioned that good work is only possible with appropriate funding. 
For this reason, I want to express my thanks to the Spanish Ministry of Science, 
MICINN, for granting my FPU scholarship that allowed me to work on my PhD degree 
without worrying about monetary issues and also for accepting my long-term mobility 
to Athens. 
 Further, many trips have been made thanks to the interest in scientific research by the 
European Commission. Without funding from the EU, many additional aspects of a life 
as PhD would get lost, including not only the possibility to join project meetings for 
discussing with other European colleagues, but also to visit congresses where one can 
see researchers from worldwide from face to face and enjoy a unique atmosphere when 
presenting the own contribution to the big or, in case of optical telecommunication, 
actually small “world of research”. In course of that I would also like to mention the 
IEEE Photonics Society who funded my trip to OFC 2010. All these additional tools, 
mostly constituted by congress participations, strengthen the possibilities that one as 
ordinary “student” has and are indispensable for a good PhD work. 
 Now, as these acknowledgements already span over two pages, let me mention that 
the idea of Networks of Excellences is not bad at all, though they are going to become 
extinct in near future – a pity that the next generation of PhDs will not have that 
pleasure! One shall also recall that the EU is not a hole where money disappears as 
many narrow-minded people might think, but that it provides a lot of possibilities and 
chances that are not seen at first glance, allowing to work effectively with many friends 
beyond the borders of the own country. This is at least one important aspect I have 
learnt during the last 3 years and I invite all prospective PhD students to give that 
experience a chance. 
 ix 







Acknowledgements ...................................................................................... vii 
 
 




Chapter I – The Rise of Optical Access 
 
1.1 Introduction ...................................................................................................... 1 
1.2 State-of-the-Art................................................................................................. 2 
1.2.1 Active and Passive Access Networks....................................................... 2 
1.2.2 Access Network Architectures ................................................................. 3 
1.2.3 Standards for Optical Access.................................................................. 11 
1.2.4 Customer Premises Equipment and Key Components ........................... 12 




Chapter II – Fundamental SOA Models 
 
2.1 Introduction .................................................................................................... 19 
2.2 Amplification: Gain and Noise....................................................................... 21 
2.2.1 Energy Band Structure of Direct Semiconductors ................................. 21 
2.2.2 Analytical SOA Model ........................................................................... 25 
2.2.3 Simulation............................................................................................... 35 
2.3 Electro-Optical Modulation Bandwidth ......................................................... 45 
2.3.1 Electro-optical transfer function............................................................. 45 
2.4 Patterning and Optical-Optical Transfer Function ......................................... 52 
2.5 Chirp ............................................................................................................... 57 





Table of Contents  x 
Chapter III – A Practical Perspective of SOAs 
 
3.1 Introduction .................................................................................................... 61 
3.2 Principal Amplifier Design............................................................................. 62 
3.3 Packaged Devices and Chips-on-Carriers ...................................................... 64 
3.4 Optical Properties and Characterization ......................................................... 68 
3.4.1 ASE Spectrum and Gain Ripple ............................................................. 68 
3.4.2 Polarization Dependent Gain.................................................................. 69 
3.4.3 Gain Saturation and Transparency Threshold ........................................ 69 
3.4.4 Gain Spectrum and Gain Bandwidth ...................................................... 70 
3.4.5 Noise Figure ........................................................................................... 71 
3.5 SOAs in Applications as Intensity Modulators .............................................. 72 
3.5.1 Operational Bias Point............................................................................ 72 
3.5.2 Electro-optical Response and Modulation Bandwidth ........................... 74 
3.5.3 Optical Response and Patterning............................................................ 79 
3.6 Chirp ............................................................................................................... 80 
3.6.1 Measurement .......................................................................................... 80 




Chapter IV – Full-Duplex ASK-Transmission  
on a Single Wavelength 
 
4.1 Introduction .................................................................................................... 85 
4.2 Wavelength Reuse in Bidirectional Transmission ......................................... 86 
4.3 Gain Saturation of a SOA............................................................................... 92 
4.3.1 Natural Suppression of Bit Patterns due to Gain Saturation .................. 92 
4.3.2 Selection of the Optimum Modulation Index ......................................... 96 
4.4 Electrical Feed-Forward Downstream Cancellation....................................... 98 
4.4.1 Functional Scheme of Operation ............................................................ 98 
4.4.2 Principal Proof of Concept ................................................................... 103 
4.4.3 Optimum Reception Bandwidth for the Upstream............................... 110 
4.4.4 Experimental Validation....................................................................... 113 
4.5 All-Optical Downstream Cancellation by Carrier Recovery........................ 134 
4.5.1 Principal Scheme .................................................................................. 134 
4.5.2 Analytical Model .................................................................................. 135 
4.5.3 Simulation............................................................................................. 138 
4.5.4 Experimental Validation....................................................................... 141 
4.5.5 Possibilities for Photonic Integration ................................................... 150 
4.6 All-Optical Downstream Cancellation with Pulse Shaping ......................... 151 
4.6.1 Simulation............................................................................................. 152 
4.6.2 Experimental Validation....................................................................... 154 
4.7 Additional Aspects for Wavelength Reuse................................................... 157 
4.7.1 Wavelength Shifting due to Clock Tone Extraction............................. 158 
4.7.2 Wavelength Generation due to Four-Wave Mixing ............................. 163 
 
 




Chapter V – Orthogonal and Advanced  
Modulation Formats for Access 
 
5.1 Introduction .................................................................................................. 173 
5.2 Integrated FSK Demodulator and Detector for FSK/ASK........................... 173 
5.2.1 Gain Ripple of a SOA........................................................................... 174 
5.2.2 Demodulation of FSK Signals.............................................................. 175 
5.2.3 Experimental Validation....................................................................... 182 
5.2.4 Possibilities for Photonic Integration ................................................... 187 
5.3 Advanced Downstream Data Rates with FSK+ASK/ASK .......................... 188 
5.3.1 Colorless ASK+FSK Demodulation..................................................... 188 
5.3.2 ASK+FSK / ASK Transmission Performance ..................................... 190 
5.4 QAM with Integrated InP-based Modulators ............................................... 192 
5.4.1 SOA as Phase Modulator...................................................................... 192 




Chapter VI – Seeding Techniques 
 
6.1 Introduction .................................................................................................. 197 
6.2 Self-Seeded Upstream Transmission............................................................ 197 
6.2.1 PON Architecture and Seed Loop Design............................................ 198 
6.2.2 Characterization of ONU and Upstream Carrier .................................. 200 
6.2.3 Signal Evolution ................................................................................... 202 
6.2.4 Relative Intensity Noise ....................................................................... 205 
6.2.5 Transmission Performance ................................................................... 207 
6.2.6 Comparison between Self-Seeded and Conventional PON.................. 210 
6.3 Seeding of an EDF Pump for Transparent Power Splitting.......................... 211 
6.3.1 Noise-Pumped Extender Box ............................................................... 211 
6.3.2 Experimental Proof of Concept ............................................................ 220 
6.3.3 Scenario 1: Reflective ONU based on SOA and REAM...................... 225 
6.3.4 Scenario 2: ONU based on Gated EML ............................................... 228 
6.3.5 Scenario 3: ONU based on a RSOA..................................................... 235 




Table of Contents  xii 
 
Chapter VII – ONU Designs Supporting  
Higher Layer Functionality 
 
7.1 Introduction .................................................................................................. 241 
7.2 Multi-Operability and Dynamic Bandwidth Allocation............................... 241 
7.2.1 Principal Scheme .................................................................................. 242 
7.2.2 Considerations for the Modulation Bandwidth .................................... 245 




Chapter VIII – Conclusions 
 
8.1 Technical Conclusion ................................................................................... 253 




A. List of Acronyms ........................................................................................I 
 
 
B. List of Symbols ...........................................................................................V 
 
 
C. Research Publications.....................................................................XIII 
 
 









The Rise of Optical Access 
 
The advantage of optical telecommunication eases the daily life though it is so far not 
really transparent to the mankind since it is hidden in the core networks and therefore 
not touchable. The worldwide penetration of optical fiber into the last extents of 
communication networks, the so-called access networks, is very low and just common 
in a few countries. However, with the expected deployment of fiber till the customer 
premises in the coming years, this initially small field of telecommunication has 
attracted the research community. 
 This chapter provides a short overview about ongoing research and standardization, 
as well as the different architectures and components used for the communication 




Optical fiber communications is one of the drivers to enable broadband services for the 
end-users of nowadays telecommunication networks, which will then also be able to 
spread over larger geographic areas. According to the reach of the transmission links, 
one speaks about core, metro or access network [1]. Optical fiber is thereby used as 
transmission medium since it offers several advantages compared to the copper wires 
such as the traditional twisted pair cable. 
 Fiber-to-the-X (FTTX) technology has been extensively studied worldwide, aiming 
at the delivery of high bandwidth to users and for converging wireless and wireline 
communication. The ‘X’ can stand for Curb, Node, Building, Home or any other 
implementation of FTTX. 
 An important point for FTTX is the capability for building future-proof broadband 
networks with low installation and operating expenditures: unless a “killer” application 
is found, customers will not be willing to pay more for higher data rates and, as a 
consequence, the cost per user can be raised just marginally. In addition to a cost-
efficient deployment, upgrade paths for a later expansion – in terms of reach extension 
and increased number of customers – have to be considered, demanding scalable and 
flexible network architectures and subsystems. Although networks can thereby grow 
and absorb the metro segment, as illustrated in Fig. 1.1, the term “access” network is 
still common for such long-reach networks. The aim is thereby to consolidate multiple 
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central offices (CO) at a single location or to expand the access network into a “green” 
field where no telecommunication solution is present so far [2]. 
 With the growth of the access segment, additional functionalities such as multi-















































Fig. 1.1. Telecommunication infrastructure. Next to the long-haul transport 




The following sections highlight access network architectures and their multiplexing 
techniques, standards, commonly used electro-optical devices and research activities of 




1.2.1 Active and Passive Access Networks 
While active optical access networks (AON) exist and take advantage of repeaters in the 
form of o/e/o-regenerators as well as switches for reach extension and routing [3-5], 
passive optical networks (PONs) are also gaining attention due to the fact that no active 
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components are deployed in the distribution plant between the operator and the 
customers [6-8]. In this way, cost deriving from maintenance of active devices can be 
kept low as they are situated either at the CO of the provider or located at the customer 
premises. A third kind of access networks can be found in the middle between AONs 
and PONs, where the fiber plant is in principle subject to passive components but 
contains service nodes referred to as local exchanges, where electrically powered 
equipment such as amplifiers may be found [9-12]. Although such networks are still 
called PONs due to the absence of higher layer functionality in these network nodes, 
they are not considered in this thesis since they are strictly spoken not passive at all. 
 In general, the capital and operating expenditures (Capex / Opex), which can be seen 
as a figure of merit for a network architecture in the view of an operator, are lower in 
the case of truly passive PONs when compared to AONs or PONs that both incorporate 
electrically powered elements at the optical distribution network [13]. 
 
 
1.2.2 Access Network Architectures 
Over the past years, a series of network architectures have been shown up, mainly 
inspired by wavelength and time division multiplexing (WDM, TDM) [14]. The 
architectures are classified in their multiplexing technique that is employed to expand 
the number of customers, regardless if they are from active or passive nature, and 
further distinguished by a coarse set of network parameters, which contains 
 customer density 
 loss budget 
 delivered data rate 
 Capex and Opex 
 energy efficiency 
 
Customer Density 
The user density reflects the share of network equipment and has therefore impact on 
cost considerations for the Capex: the higher the number of users served by a PON, the 
less the marginal cost increase when additional components such as amplifiers are 
required at the common infrastructure. If a long reach can be covered in addition, the 
closer location of the access network head-end to the core network not only simplifies 
the overall network hierarchy but safes also cost.  
 Depending on the multiplexing technique that is used, different subsystems inside the 
network can be shared among a certain number of users. While the optical line terminal 
(OLT) at the premises of the network operator is always shared between all customers, 
network nodes might be dedicated to a smaller subset of users, and therefore subject to 
increased cost-sensitivity. An extreme case is the optical network unit (ONU), which 
has direct impact of the cost for each customer – considering a scenario without 
multiple dwelling units as end-nodes. On the other hand, the Opex is determined by the 
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steady power consumption and operational cost of several electrically powered 
components, where the impact of the customer density is reduced. However, the 
required number of closets for hosting networks components and with them, the Opex 
that derive from the rent of housing or environmental conditioning, are reduced for 
dense PONs due to the share of infrastructure. 
 
Loss Budget 
Together with the loss budget, the customer density determines the geographical 
coverage by a single OLT. The optical loss budget includes several optical losses that 
can be found between OLT and ONU, including the intrinsic loss of the multiplexing 
technique that is required to expand the customer density (i.e. the power splitting loss or 
the insertion losses of wavelength multiplexers), additional prospected losses that may 
arise during the lifetime of the PON (i.e. splicing losses), and the loss that derives from 
the fiber spans that are required to achieve the desired network reach. Care has to be 
taken for the case of bidirectional transmission, since the loss budget is then limited by 
the worse transmission direction. Especially for the uplink, this can cause stringent 
restrictions: although the upstream reception can benefit from the use of optical 
amplifiers in contrary to the downstream reception that is bound to low-cost 
components at the ONU, the seed of reflective modulators requires a certain optical 
signal condition at the input of the ONU, which results in a third limitation for the 
overall PON loss budget [15]. 
 
Delivered Data Rate 
For the delivery of services, the multiplexing technique has big impact on the 
guaranteed data rate. The principal idea of access networks relies on data transmission 
on a single wavelength. Since the spectral window for fiber-optic telecommunication is 
limited by the fiber loss spectrum and the availability of optical amplification, a certain 
number of wavelengths can be used. Considering the third telecommunication window 
around 1550 nm where the fiber loss is low, around 80 wavelengths in the conventional 
and long wavelength band (C+L) are found to be compatible with rare earth-doped fiber 
amplifiers [16, 17]. 
 A wavelength can be dedicated to each of the customers according to the strategy of 
WDM-PONs. Although a limit for the user density of the network arises, a fixed data 
channel for each of the customers can be provided [18]. For this reason the data rate 
depends then only of the subsystems at the OLT and the ONU, and on the transmission 
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Table 1.1. Common PON architectures and their typical parameters. 
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On the contrary, when a single wavelength channel is shared among a certain number of 
users in terms of a TDM basis [19], the time-slot that is dedicated to each of the 
customers can be from short duration once the customer density of the PON increases. 
This in turn means that the minimum granted data rate is just a fraction (corresponding 
to the TDM duty cycle) of the nominal data rate, for which the subsystems have to be 
drawn for. 
The delivered data rate has to be therefore traded-off with the customer density. An 
exception are ultra-dense WDM (UDWDM) PONs that employ techniques of coherent 
detection, which allow to slice the available wavelength spectrum with a significantly 
higher granularity. However, limits are then given for the maximum data rate. 
 
Energy Efficiency 
With the permanently increasing power consumption of the telecommunication sectors, 
special attention has been drawn on the access segment, which aims at a mass 
deployment of future-proof customer premises equipment. One of the goals for 
development has to be therefore the minimization of the energy consumption for 
electrical subsystems of the ONU. Since that includes not only electro-optical aspects 
such as driving circuitry for modulators or other active components but also the 
subsystems that are used for electrical (real-time) signal processing and medium access 
control (MAC) [26], the thesis does not focus on optical frequency division 
multiplexing (OFDM) [27] which nowadays requires heavy signal processing in digital 
signal processors or field-programmable gate arrays in contrary to the simpler, 
conventional multi-channel transmission systems [28]. 
 
 
The common network architectures are further discussed in their principal advantages 
and technical challenges. An overview with typical parameters is given in Table 1.1. 
 
Point-to-Point Connection 
Similar to meshed networks that are found in the transport segment, point-to-point 
(P2P) access solutions require a dedicated fiber span between each OLT and ONU. This 
corresponds to a worst case where no infrastructure is shared, neither in the fiber plant 
nor at the central office. 
 This exclusive connection, which typically utilizes one or two wavelengths for half- 
or full-duplex bidirectional data transmission for the end-user, allows thereby high 
transmission capacities with simple transmitters and receivers, as it is the case in optical 
intensity modulation / direct detection (IM/DD) transmission systems. However, since 
such solutions are not considered to be cost-efficient for access, this kind of architecture 
is not further targeted in this thesis. 
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TDM-PON 
A simple solution to overcome the cost-inefficiency of P2P connections is to share the 
fiber plant among a higher number of customers. The fiber span is thereby commonly 
used to connect several ONUs to a single OLT, by splitting the signal in its power to a 
bunch of customers instead of only one [19, 29]. This in turn requires a TDM scheme to 
avoid crosstalk between the data streams sent by the users, which have to be also 
allocated with the help of some MAC intelligence due to the different drop span lengths. 
Each user obtains a time slot in this way, which is dedicated solely to its own data 
transmission. The allocation of time slots can vary over time to incorporate a dynamic 
bandwidth allocation mechanism between the users. 
 Although this procedure leads to a reduction in the data rate per user, the naturally 
high data rates that can be achieved thanks to the maturity of optical transmitters 
ensures that the net data rates for the single customers is still higher than conventional 
telecommunication standards such as the very high speed digital subscriber line (VDSL) 
can offer – by increasing the possible network reach at the same time. 
 Besides the typical splits in the order of 1:32, much higher split values up to 1:4000 
have been reported in scientific literature [20-21,23]. Although this would be practically 
useless due to the low guaranteed bandwidth per customer, the splitting loss can be re-
attributed towards a reach extension. The idea hereby is to place the splitter as close as 
possible to a bunch of users that are connected by drop fibers with a length of up to 10 
km, while the feeder fiber that constitutes the trunk is extended up to 100 km. Such 
reach extensions have been reported mainly by using Raman amplification [30]. The 
maximization of the common fiber link leads to a higher share of infrastructure and 
therefore to higher cost-efficiency. Due to backscattering effects in the optical fiber, the 
trunk is sometimes composed by a dual-feeder fiber, especially when longer fiber spans 
and higher loss budgets are targeted. However, for a green-field deployment, the cost of 
the additional fiber has to be seen in contrast with the digging cost and is likely to be 
negligible. 
 In contrary to P2P links where a continuous-mode (CM) data stream is delivered, the 
TDM scheme requires burst-mode (BM) electronics at the ONU transmitter and the 
OLT receiver. Although this does not introduce a significant cost increase since it has in 
principle no effect on the optical and electro-optical components, the required timing 
demands short preambles in the order of a few nanoseconds for synchronization and 
threshold detection. Different standards such as Ethernet PON (EPON) and Gigabit 
PON (GPON) derived from that problem of defining an optimum TDM scheme for the 
access segment and are discussed briefly later in this chapter. 
With nowadays progress in research, it is not clear if TDM and the included BM 
transmission will be carried to standards of next-generation optical access networks. 
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WDM-PON 
Another approach to increase the share of common infrastructure can be the 
multiplexing in the optical frequency domain [18,29]. The optical power splitter of 
TDM-PONs is thereby replaced by a WDM multiplexer. Besides the reduced optical 
losses of the multiplexing stage, the WDM-PON increases the spectral efficiency of the 
access network by taking advantage of the high optical bandwidth of optical fibers: 
instead of sending just one or a pair of wavelengths to the users connected to the OLT, 
the available transmission spectrum of the optical fiber is filled with data signals. 
Although this might be not compliant with the wavelength allocation of existing 
standards such as analog wireline video transmission, the low commercial impact of 
these conflictive standards provides strong arguments for an efficient deployment of 
WDM-PONs in future. 
 The CM data transmission can accommodate high guaranteed data rates up to 10 
Gb/s, without the introduction of additional intelligence in the MAC layer due to the 
exclusive wavelength channel that each network possesses. 
 Typical customer densities are 40 per employed waveband, while up to 3 wavebands 
in the short (S-), C-, and L-band could be effectively used to maintain low optical losses 
in the distribution fiber. The request for wavelength-agnostic ONUs, which may contain 
reflective active remodulators, can thereby limit the spectral window for wavelength 
deployment due to the optical gain response of the low-cost components used in the 
ONUs. In addition, the granularity of nowadays commercial components for WDM 
multiplexers is limited, so that a fine channel grid that provides a larger number of 
wavelengths per waveband cannot be achieved. A typical channel spacing is 100 GHz, 
but are still expected to decrease which is also confirmed by research where a spacing 
of down to 1 GHz has been demonstrated [31,32]. In turn, a larger number of data 
channels would also require powerful and electrically powered optical amplifiers that 
are placed inside the optical distribution network, since Raman amplification or 
remotely pumped EDFs at the common trunk span are not able to provide significant 




A hybrid PON architecture maximizes the customer density by incorporating WDM and 
TDM techniques [6,8,10-11,23,29]. A set of wavelengths is thereby fed together via a 
common and in general long trunk or ring segment, and a WDM demultiplexer then 
spreads the single data channels towards a bunch of TDM trees – sometimes referred to 
as “spurs”, each of them containing a feeder fiber, a power splitter and a short drop fiber. 
In this way, the multiplexing factors of WDM and TDM segment are multiplied and a 
high number of customers can be served by the operator. A hybrid PON can be seen as 
an overlay of TDM-PONs, whose trunk segment is partially shared over a single fiber 
span. 
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 The loss budget of hybrid PONs is typically extended to far beyond the budget of a 
TDM-PON, since a metro-access convergence is targeted at the same time. Due to the 
highly non-centric loss distribution, meaning a placement of the TDM splitting stage 
(i.e. in general the largest concentrated loss element) very close to the ONU, problems 
are very likely to arise due to Rayleigh backscattering in the feeding fibers when a 
single wavelength is reused for down- and upstream transmission. 
The junction between the WDM and the TDM segment is often used to incorporate 
some network intelligence or means of amplification. While in networks that contain 
electrically powered equipment these so-called remote nodes include routers [4,33] or 
protocol terminators [5], other approaches, which provide optical amplification by 
remotely pumping rare-earth doped fibers, exist [6,8]. 
 The guaranteed bandwidth of hybrid PONs equals the one of TDM-PONs and the 
necessity of the more complex BM electronics is given too. 
 
UDWDM-PON 
An emerging type of access network are WDM-PONs with ultra-dense wavelength 
allocation [25]. The idea is not only to increase the customer density of the PON, but 
also to avoid narrow-band WDM multiplexers. The latter is gained by placing passive 
splitters as signal distribution elements, as it is the case in TDM-PONs, and in turn 
coherent detection to overcome the introduced high loss budget of the network. 
Alternatively, a coarse WDM multiplexer with drop channel widths much wider than 
the spectral with of a single data channel can be used as first distribution element. 
 Coherent detection of a specific data channel requires a tunable laser source [34] at 
the ONU and is in principle contradictory to cost-effective mass deployment. However, 
progress has been made on the development of lower cost tunable lasers, that can be 
also used for data modulation at bit rates up to 2.5 Gb/s [35]. 
 A typical data rate would be 1 Gb/s that is compatible with a channel spacing of 3 
GHz [36]. Considering the spectral windows defined before, this would assure a 
customer density of 1000 users or more, however, with the restriction of having a 
limited maximum data rate for which no simple upgrade path is given. The large 
number of individual transmitters and receivers that are required at the OLT is another 
problem to be solved in UDWDM systems and demands progress in photonic large-
scale integration. 
 The principal idea of sending ~1000 wavelengths to all users, which in turn select 
just a single one, is questionable from the viewpoint of energy efficiency. In addition, 
the reception sensitivity has to be very low to avoid nonlinear effects at the fiber span 
close to the OLT where many wavelengths are present with average to high overall 
optical power. 
 
An illustration of the coverage and maximum transmission data rates of the 
aforementioned access network architectures is shown in Fig. 1.2 together with 
conventional local and core telecommunication networks. 
 























































Fig. 1.2. Reach and maximum data rate per wavelength for access networks 
as well as for local and core telecommunication networks. 
 
 
Note. The origins of optical communication root deep in history. The first reported 
optical transmission of information dates back to 1184 B.C., to the fall of Troy. After 
years of war, the ancient Greeks urged to 
send a short notice about the successful 
siege to Mycenae. According to Homer’s 
Ilias, a chain of fires were lighted, 
started by Agamemnon on mount Ida 
next to Troy, towards Lemnos, Athos, 
Euboea, Boeotia and Corinth. After 
passing this repeated 518 km long 
transmission link with six hops, the 
message, containing just a single bit, 
arrived after a little bit more than three 
hours on mount Argos next to Mycenae. 
Much later in human history, in 1880 
A.D., Alexander Graham Bell invented 
the Photophon, which came already 
close to a communication equipment suitable for mass deployment. On the contrary to 
the telephone, it allowed to transmit voice with the help of bundled light rays. Sun light 
was used as the optical source and was modulated by the voice that was directed on a 
mirror. In accordance with directional link systems, a parabolic mirror collected the 
transmitted light and directed it towards a selenium cell that acted as transducer. 
Although telecommunication was in its infancy in these early days, Bell already had a 
sense for the impressive strides that optical telecommunication would made. He 
expressed that with some words about the Photophon: “It’s the greatest invention I 
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1.2.3 Standards for Optical Access 
Two main access standards have emerged from the evolution of access networks. While 
EPON (IEEE 802.3ah) [37] derives from the world of Ethernet and provides a net data 
rate of 1 Gb/s, GPON (ITU-T G.984) [38] provides a wider functionality regarding 
MAC and higher layers while the data rate is 2.5/1.25 Gb/s for down- and upstream. 
 The increasing demand for broadband services – considering the shared fiber media 
and the therefore reduced minimum guaranteed data rate – led to the successors 10G-
EPON (IEEE 802.3av) [39] and XGPON [40], the 10 Gb/s capable PON. Both 
standards aim at symmetrical data rates of 10 Gb/s. While the 10G-EPON standard was 
ratified in September 2009, the XGPON standard is still in progress and not approved so 
far. Both standards declare the 1490 nm region for the downstream and the 1310 nm 
window for the upstream, to be compatible with a video overlay around 1550 nm. 
 The following table summarizes the PON standards that are currently in 
consideration. 
 































Framing IEEE 802.3 125 µs, fixed IEEE 802.3 tbd 
Line Coding 8B10B 
only frame 
scrambling, run 
length of 72 bits 
64B66B tbd 








Table 1.2. Access standards and some of their characteristic parameters. 
 
The line coding affects not only the MAC layer but impacts also the physical layer since 
it determines the number of consecutive identical bits and therefore the required low-
frequency cutoff. This in turn is strongly related with bit pattern dependent distortions 
in semiconductors and also with scattering effects in optical fibers, where the optical 
carrier in a bidirectional transmission is backscattered into the counter-propagating data 
stream. A further interesting parameter at the physical layer is the robustness to a 
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1.2.4 Customer Premises Equipment and Key Components 
As the key element of the access network, the ONU has strong impact on the 
transmission performance, cost and energy efficiency of the PON. Depending on how 
the downstream signal is re-used for upstream transmission, three categories of ONUs 
can be distinguished regarding their upstream transmitter design, which can be based on 
 laser diodes 
 injection-locked light sources 
 reflective modulators 
 
Although it is in principle desired to avoid laser sources at the customer premises, 
proposals, for which the use of a laser at the ONU is mandatory, exist. An example are 
receivers in UDWDM systems that are typically based on coherent detection where a 
local oscillator is required. While fast tunable lasers are still expensive, cheaper 
derivatives that follow a set-and-forget adjustment would suit. 
 On the other hand, the EPON or GPON standard foresees the use of light sources at 
the customer premises of TDM-PONs too, since the fixed down- and upstream 
wavelength are far detuned and not suitable for wavelength reuse. In the latter case a 
directly modulated laser (DML) is used as upstream transmitter. Such devices not only 
safe cost by avoiding external modulators, but suffer also from parasitic effects of the 
semiconductor such as chirping. 
 
A slightly different approach is to use a multi-wavelength laser, such as Fabry-Pérot 
laser diodes (FP-LD) or Vertical Cavity Surface Emitting Laser diodes (VCSEL). A 
specific laser mode can thereby be selected by locking the downstream to one of the 
modes [41-43]. With a proper injection into the laser, the upstream wavelength then 
follows the one of the downstream.  
 Although commercial deployment of optical access will most probably focus on 
reflective modulators [44], first commercial demonstrations of WDM-PONs were 
indeed relying on FP-LDs [45]. However, problems still arise when the comb of the FP-
LD has to be tuned to the incident optical signal, since the tuning range of these devices 
is limited. Modulation at high data rates has been reported lately with a VCSEL in a 
chirp-managed transmission scheme [46]. 
 
The most versatile and from the first view also simplest solution is to avoid light 
sources at the customer premises equipment; A centralized light generation not only 
concentrates the wavelength management at the central office, it eases also the 
maintenance of the light sources. In addition, the ONU, which holds a semiconductor 
modulator [47], becomes colourless. This in turn allows to port it to another location of 
the PON without being reconfigured as it would be the case for a tunable laser that is 
used as light source of the upstream transmitter. 
 The incorporation of reflective modulators that are integrated together with optical 
amplifiers is a promising solution for the ONU [48-50]. In this way, the loss over the 
network can be at least partially overcome while the upstream data is imprinted on the 
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incoming signal. A spectrally efficient network does not dedicate a second wavelength 
for the upstream besides the one that is allocated for the downstream, but uses a single 
wavelength as optical input signal for an ONU. This signal not only carries the 
downstream data but is recycled for the purpose of upstream transmission. In the 
extreme case of full-duplex transmission, the two counter-propagating data streams are 
then present on this wavelength at the same time. 
 
Wavelength reuse in terms of remodulating the downstream can be achieved either by 
using orthogonal modulation formats for down- and upstream or by suppression of the 
amplitude shift keyed (ASK) downstream pattern before the optical carrier is again 
modulated with ASK upstream data. A trade-off has to be made between the introduced 
complexity when orthogonal formats with frequency or phase shift keying (FSK, PSK) 
for the downstream have to be detected, and the residual penalty when means of 
imperfect downstream suppression techniques for simple modulation formats such as 
ASK are employed. 
 
The performance of the receiving and mainly the transmitting subsystem of the ONU 
depends strongly on the used components and technology. Extensive research work has 
been focusing on reflective upstream transmitters. Promising candidates for this purpose 
are the reflective semiconductor optical amplifier (RSOA), the reflective electro-
absorption modulator (REAM) or integrated versions of SOA and REAM, short 
SOA/REAM. 
These components can be realized within the Indium-Phosphide semiconductor material 
system. Compared to Lithium-Niobate based solutions such as the Mach-Zehnder 
modulators (MZM), the III-V semiconductor components provide a by far smaller form-
factor and are therefore in course of the miniaturization of future customer premises 
equipment [51]. However, parasitic side effects during modulation, such as chirp and in 
case of RSOAs also the limited electro-optical bandwidth, penalize the data 
transmission for the cheaper and smaller semiconductor-based modulators. It is 
therefore often required to compensate these unwanted effects by additional electronic 
means like passive or adaptive electronic equalization. 
 
Within the research, several ONU designs and modulation formats for down- and 
upstream have been proposed. In the beginning most of them were focused on simple 
realizations for the subsystems of the ONU, since means of photonic integration were 
not available and not expected to be available in the following years. Although 
nowadays commercial products are therefore still based on micro-optics, advances have 
been made in research, especially in the field of optical interconnects [52], and it can be 
expected that soon added complexity that allows significant extra functionality will 
come at just marginal cost. Due to that, the required simplicity of the electro- optical 
subsystems has prevented to exploit the whole variety of modulation formats for optical 
telecommunication [53]. 
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However, up to now discrete components are employed in the receiving and 
transmitting subsystems at the OLT and the ONU. Table 1.3 compares the complexity 
and performance of representative modulation formats for down- and upstream. 
 
complexity and cost shifted towards DS subsystems  









































































  US reception worsens with simple DS subsystems 
 
Table 1.3. Access standards and some of their characteristic parameters. 
 
While the ASK-based modulation formats with simple subsystems suffer mainly from 
penalties that derive from the non-orthogonal nature of the down- and upstream 
modulation format, orthogonal modulation formats such as FSK/ASK or DPSK/ASK 
benefit from the good remodulation in upstream direction, though they introduce cost 
and complexity at the downstream-related subsystems. Although ASK can provide a 
time-multiplex solution with inverse return-to-zero (IRZ) – to be orthogonal in its two 
time slots per bit period, the requirements for the modulation bandwidth double, which 
is often not acceptable in case of a nominal 10 Gb/s transmission system. 
 Fig. 1.3 shows the reported data rates for full-duplex down- and upstream 
transmission on a single wavelength, achieved by different ONU designs over arbitrary 
distance [54].  
 As can be seen, the EPON standard fuelled the efforts of employing RSOA based 
solutions [55]. First solely for pure upstream transmission, the efforts have then moved 
towards full-duplex 1 Gb/s transmission on a single wavelength, suitable for EPON. 
Advantage has been thereby taken from the saturation effect of the amplified 
remodulator, which allows to compress the downstream pattern to recover a slightly 
degraded optical carrier for upstream modulation [56], or by adapting the modulation 
format towards orthogonality between down- and upstream. A good candidate for this 
second approach at low data rates is sub-carrier multiplexing (SCM) [57-59]. Later, 
these techniques have been proven in their feasibility for GPON data rates [60]. 
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Alternatively, differential PSK (DPSK) and ASK for down- and upstream [61,62] were 
applied to obtain orthogonality for penalty-free upstream transmission. The introduction 
of GPON and the foreseen increase in the data rates roots in symmetrical 2.5 Gb/s 
experiments that have been performed by still keeping a RSOA as reflective modulator 
[49,63]. With the further increase of the downstream data rate towards 10 Gb/s, 
orthogonal DPSK/ASK formats allowed for bidirectional transmission at the significant 
cost of adding a delay interferometer at the ONU receiver [64]. In this case, also the 
DPSK/DPSK format can be used since the remodulation just requires a feed-forward 
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Fig. 1.3. ONU solutions and corresponding full-duplex data rates obtained on 
a single wavelength, reported in scientific literature. The cone represents 
symmetrical data rates for down- and upstream. 
 
Upstream transmitters at 10 Gb/s were finally found with the help of SOA/REAMs 
[50,66-67] or spectrally compressed modulation formats such as duobinary [68] or 
quaternary amplitude modulation [69] while keeping the RSOA. However, the RSOA-
based transmitters were just suitable for a low loss budget and suffered from strong 
performance degradation already with short fiber spans. 
 Even with the incorporation of electronic dispersion compensation (EDC) [70,71] 
and optical offset filtering at the upstream receiver [72] to convert the chirp into 
supportive amplitude modulation [72], the seeding budget for the RSOA restricted to 
reach the loss budgets that are proposed in the GPON standard. Besides the simple ASK 
modulation format, RSOAs and DMLs have been also found the attraction of OFDM 
[73-75], which was performed offline at this point of time. However, a first real-time 
implementation was demonstrated in 2010 [76,77]. 
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 Finally, full-duplex transmission at 10 Gb/s with RSOA- and SOA/REAM-based 
ONUs was obtained without the help of MZMs or phase modulators (PM). In Dezember 
2009, the first RSOA that is capable for reaching a nominal electro-optical bandwidth 
for 10 Gb/s ASK transmission without offset filtering or EDC has been demonstrated, 
providing also a respectable increase in the loss budget due to its capability to operate 
with input power values as low as -20 dBm [15]. In a later experiment [24], full-duplex 
transmission at 10 Gb/s was achieved, taking advantage of the high gain and high 
saturation output power of the RSOA [49]. A loss budget of 30 dB was achieved in a 
hybrid PON, without the need for optical amplification stages that are either electrically 





































Fig. 1.4. Main research topics under investigation in this thesis. 
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1.3 Thesis Outline 
The rest of the dissertation is organized as following. 
 
Chapter II aims in a theoretical investigation about SOAs, which are key elements in 
next-generation ONU designs due to their multiple functionalities. Besides its capability 
to act as an optical amplifier, attention is also given on the modulation characteristics. 
 
Chapter III introduces some practical aspects when working with SOAs and acquires 
experimentally the static and dynamic characteristics when using a RSOA as 10 Gb/s 
upstream modulator. 
 
Chapter IV focuses on operational aspects in a PON. Next to the investigation of 
downstream cancellation techniques for wavelength reuse with the simple ASK/ASK 
modulation format, transmission aspects in such spectrally efficient PONs are 
highlighted. 
 
Chapter V contrasts the developed downstream cancellation techniques with an 
orthogonal modulation scheme, in which the complexity of the downstream receiver is 
avoided by incorporating an integrated colorless demodulator and detector that is based 
on a SOA/REAM. In a further step, advanced functionalities of SOA-based upstream 
transmitters are gathered with the re-use of intrinsic device impairments. 
 
Chapter VI applies novel seeding techniques to overcome the high loss budgets of a 
PON. Next to the self-seeded upstream transmission which generates an optical 
upstream carrier out of the natural noise emission of a SOA element inside the ONU, 
also a pump for a remote rare-earth doped fiber amplifier is seeded. High splitting ratios 
beyond 1:1000 and hybrid PONs with extended loss budgets >30 dB are presented 
while no pump delivery from the OLT is required for the sparsely deployed fiber 
amplifiers. 
 
Chapter VII explains how the physical layer of the ONU can support higher layer 
functionalities. Approaches for multi-operability and dynamic bandwidth allocation are 
discussed and demonstrated with electrically reconfigurable ONU designs. 
 
A short summary and a prospective outlook conclude the thesis with a list of published 
contribution to scientific congresses and archival journals. 
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Chapter II 
Fundamental SOA Models 
 
This chapter presents a couple of analytical models to characterize the principal SOA 
performance. Included are a model for the signal gain and the noise emission, which 
derives from the energy band diagram of the semiconductor. Further, a small signal 
analysis regarding the electro-optical response is given, showing the capability but also 
the limitations of a SOA to act as intensity modulator. Finally, the patterning effects of 
the SOA and the effect of chirping are briefly investigated. 
 How the theoretical concepts discussed here relate to practical aspects is addressed in 
chapter III, where the realization of an amplified reflective 10 Gb/s upstream transmitter 




Optical amplification constitutes a fundamental cornerstone of optical 
telecommunication. The continuously increasing reach and optical link loss of 
transmission spans make amplifiers a key component in nowadays communication 
networks. The demand in several fields of optical networks, let it be the core, metro or 
even access segments, leads at the same time to a rapid evolution of their performance. 
Especially for residential broadband, where reflective customer premises equipment is 
desired, means of amplification are indispensible. In this special case, big benefit can be 
taken if the reflective modulator can incorporate optical wide-band amplification as 
well, to act as an amplified and colorless upstream transmitter. 
 Optical amplification has been widely adapted in transport networks. With the 
introduction of rare-earth doped fiber amplifiers, the golden age of WDM was 
introduced, avoiding big farms of electrical-optical-electrical regenerators. At the same 
time, bandwidth-transparent amplification was achieved. However, such fiber amplifiers 
have never reached the small form-factor of semiconductor-based devices and are still 
not suitable for technological platforms that are used for photonic integration although 
progress has been made towards the chip level [78]. 
 The SOA provides a good trade-off between its small form-factor and its slightly 
worse performance as amplifier. Especially for low-cost applications with a single or 
few wavelength channels, the SOA offers a series of additional functionalities that are 
mostly based on carrier density modulation or non-linear effects [79]. This added value 
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of the SOA has attracted for research and has been exploited extensively during the last 
two decades. 
 Mainly the capability as intensity modulator and its adaptation to nearly the complete 
wavelength range that is intended to be used for telecommunications enable the SOA to 
penetrate commercial territory that was originally occupied by fiber amplifiers. Due to 
the similarity with its relative, the laser diode, the physical processes that lies behind the 
macroscopic optical amplification, namely the stimulated emission of light, is well 
known. This plays an important role in the history of the SOA, which was always a 
competitor to the Erbium-doped fiber amplifier (EDFA) for different applications such 
as booster in transmitters [80,81], repeater in transmission links [82], or preamplifier in 
receivers [83]. 
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Fig. 2.1. Spectral response of fiber, optical amplifiers and detectors. 
 
With the invention of semiconductor laser diodes in the early 1960s, which can be seen 
as a SOA having degraded facets, first thoughts about the application as optical 
amplifier appeared as well [84]. In the mid 70s, semiconductors with hetero-junctions 
were available and proposals for SOAs as repeaters in core networks were found on 
papers. Despite the advances in modeling and design and available AlGaAs SOAs for 
the 830 nm band [85,86], the SOA-bubble exploded in the mid 80s due to the 
introduction of the EDFA. At the same time, InP/InGaAsP SOAs for the 1.3 and 1.55 
µm band became available and the processing of anti-reflection coatings at the end of 
the 80s [87] allowed the introduction of the travelling-wave SOA before the 90s [88], 
though with asymmetrical waveguides and high polarization dependent gain. Soon the 
polarization dependence was understood and effort on photonic integration started. 
Although years passed by since the begin of the 90s, there are still no commercially 
available photonic integrated circuits – showing that there is still a huge step to be made 
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Fig. 2.2. Advances in the history of the semiconductor optical amplifier. 
 
 
2.2 Amplification: Gain and Noise 
The main characteristics of an optical amplifier, namely the signal gain and noise 
emission, were examined with the help of an analytical model for bulk SOAs. This 
model derives from the material gain of the semiconductor devices, which in turn 
allows, with a set of travelling-wave equations for the signal and the noise and the rate 
equation for the carrier density, to deduce the macroscopic measures for gain and noise 
figure. The model was evaluated with the help of Matlab. 
 
 
2.2.1 Energy Band Structure of Direct Semiconductors 
Optoelectronic semiconductor devices are always bound to specific spectral windows, 
according to the material used during the fabrication process. The spectral response is 
derived from the energy levels in the semiconductor, which are described with the help 
of the band structure. 
 
The energy band diagram is related to the last energy level that is occupied by carriers, 
the so-called valence band, and the first empty energy level, referred to as the 
conduction band. Between these two levels an energy gap can be found, which is 
characterized by the semiconductor material of the active region, where amplification 
by means of stimulated emission is intended to take place. Transitions between these 
two bands typically occur between the minimum of the conduction and the maximum of 
the valence band. 
 According to this extrema of the bands, two classes of semiconductors are 
distinguished (Fig. 2.3). While indirect semiconductors require phonons for transitions 
due to shifted extrema, direct semiconductors allow transitions without additional 
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contribution to satisfy the conservation of momentum. The class is given by the groups 
of chemical elements; Semiconductors used for telecommunications typically stem from 











































Fig. 2.3. (a) Energy levels in a semiconductor and band diagram for (b) a 
direct and (c) an indirect semiconductor. 
 
Since the lifetimes of carriers in these bands is related with the transition probability, 
these two types are subject to different applications for telecommunication. The 
beneficial co-location of the extrema for conductance and valence band in the 
momentum space of direct semiconductors makes them attractive as optical amplifiers 
or light sources, whose transition probability is then given by Fermi’s golden rule that 
respects amongst others the overlap between the initial and final electron state and the 
coupling between the electrical field and the electron states – which makes it 
polarization dependent. On the other hand, indirect semiconductors are typically used 
for photo detectors. 
 
The material gain coefficient, which is a more accessible measure for analytical models, 
is related to the energy band structure according to 
 the compounds used for the semiconductor, since this will determine the 
band-gap energy, 
 how the active region was grown, since this will determine the shape of 
the valence and conduction band, and the density of allowed energy 
states that can be found within them, 
 the carrier density and the temperature inside the semiconductor, since 
this will determine the filling of energy bands with carriers 
 
As will be addressed later in this chapter, the differential gain coefficient is closely 
related with the modulation bandwidth of a semiconductor device. Different 
possibilities exist to increase the differential gain coefficient of a SOA so that the 
modulation bandwidth is increased. Next to cooling [89] or operation at shorter 
wavelengths off the peak gain wavelength [90], a confinement of the electrons in one or 
more dimensions that increases the density of states can be beneficial. Alternatively, 
compressive strain can be applied to push the light hole valence band down. A trivial 
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method is to increase the doping of the active region though this affects the threshold 
carrier density negatively. 
 The gain spectrum of a SOA can be modified by means of band structure tailoring 
[91], which aims mainly in optimization of the molar fractions for several compounds 
of the semiconductor alloy. The semiconductor is thereby designed for a specific pump, 
which will determine the occupation of energy states inside the conductance and 
valence band, and thus the spectral dependence of the gain coefficient. The principle 
behind this idea can be illustrated via the density of allowed energy states and the 

















































Fig. 2.4. Energy band diagram with the allowed density of states D(E), Fermi-
Dirac distribution f(E) for conduction and valence band, carrier densities n(E) 
and p(E) for electrons and holes inside these bands, and material gain 
coefficient gm as function of the detuning from the band-gap for a certain 
electrical pump. 
 
The density of states is determined by the possible states that can be occupied for a 
given energy E and the volume V of the semiconductor. Both possible spins have to be 










  ( )bulkD E E∝  (2.1) 
 
For a bulk device, the density inside the conduction and valence band follows a square 
root function, which shapes the bands towards parabolic ones. 
 The electrical pump that is applied through the bias current of the SOA causes non-
equilibrate conditions in the semiconductor, so that no common Fermi level for 
electrons and holes is given anymore. Instead, two quasi-Fermi levels Efc and Efv of the 
conductance and valence band are defined [92]. For each of the bands, the Fermi-Dirac 
distribution for a certain temperature is 
 
 

















and the relation between the two Fermi-Dirac distributions of conductance and valence 
band is 
 
( ) 1 ( )v cf E f E= −  (2.3) 
 
The carriers that are present in the conductance and valence band according to the 
overlap between the allowed density of states D(E) and the Fermi-Dirac distribution 
f(E) will determine the population of carriers inside the bands. The density for electrons 
and holes are therefore 
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Since the spectral location of the SOA gain peak is given by this carrier population, the 





Note. Appropriate semiconductor materials can be engineered by using compounds of 
different chemical elements. The benefit of doing so can be easily understood when 
looking at the different band-gap energies of elements and compounds, which relate 
directly to their different emission spectra. 
The band-gap energy is thereby a combination of the gaps of the different elements. For 
a ternary alloy for example, the band-gap energy can be found with  
1( ) (1 ) ( ) ( ) (1 )g x x g gE A B x E A xE B x x C− = − + − −  
whereby the bowing parameter C takes the non-linear combination of the individual 
band-gap energies in account. 
1550 nm
 
Furthermore, the geometry of the atomic layers inside the active region is optimized to 
obtain a higher efficiency. Quantum-mechanical structures such as quantum wells, 
wires or dots are incorporated in the active waveguide, resulting in a modified density 
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of allowed energy states, which becomes more discrete and sharper since carriers are 
then confined in certain energy levels. The employed hetero-structures of different 
semiconductor alloys, used to force the carriers into these states, require usually 





2.2.2 Analytical SOA Model 
The following model [93] originates from the methodology presented in the previous 
chapter. Since the basic equations of the semiconductor material are employed for the 
model, it is suitable for a wide range of wavelengths. The semiconductor waveguide 
was chosen to be a buried InGaAsP active waveguide on an InP substrate, which is a 
typical design for SOAs due to the good heat dissipation and the spectral response in the 
third telecommunication window. Amplified spontaneous emission is taken into account 
by travelling wave equations for the noise power, while the emission of the input signal 





























Fig. 2.5. Definition of the geometrical and operating parameters of the SOA. 
 
The material gain coefficient can be expressed as a function of wavelength and carrier 
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where c is the speed of light and ν the optical frequency, n1 is the refractive index of the 
active region. τe is the radiative carrier recombination lifetime that is determined by the 
radiative carrier recombination rate Rrad and is approximated by 
 
 








τ = = + ⋅  (2.6) 
 
where Arad and Brad are the linear and bimolecular radiative recombination coefficients. 
me and mhh are the effective masses of the electrons in the conductance band and heavy 
holes in the valence band, respectively. h is the Planck constant and T0 the mean 
lifetime for coherent interaction of electrons with a monochromatic field.  
 According to the Lorentzian lineshape for optical amplification processes [95], which 
result from the gain reduction in case that the wavelength of the incident optical signal 
does not correspond to the transition energy of the (homogeneously broadened) two-
level system, a short lifetime T0 in the order of 1 ps leads to a broad amplification 
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can be therefore approximated as a Delta function as it has a much narrower spectrum 
than the other functions in the integral so that the material gain coefficient becomes 
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The band-gap energy Εg can be written as 
 
0( ) ( )g g gE n E E n= − ∆  (2.9) 
 
where Eg0 is the band-gap energy without injected carriers and given by the 
approximation 
 
( )20gE e a by cy= + +  (2.10) 
 
with the electron charge e and the quadratic coefficients a, b, c for the band-gap energy. 
The coefficient y determines the molar fraction of Arsenide in the active region. The 
term ∆Eg takes the band-gap shrinkage due to injected carriers into account and is 
determined by the band-gap shrinkage coefficient Kg according to 
 
1/3( )g gE n eK n∆ =  (2.11) 
 
Due to this contribution of carriers in the band-gap energy, the spectra for gain and 
amplified spontaneous emission (ASE) are shifted towards longer wavelengths. fc and fv 
are the Fermi-Dirac distributions that depend on the photon energy and are given in 
accordance with equation 2.2 by 
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where T is the absolute temperature and k the Boltzmann constant. The quasi-Fermi 
levels Efc and Efv of the conductance and valence band are referenced to the bottom and 
top edge of those bands, respectively. A simple approximation of those energy levels 
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ε =  (2.15) 
 
Fig. 2.6 shows the location of these quasi-Fermi levels as function of the present carrier 
density for typical values of the semiconductor material (as they will be reported later in 
Table 2.1). 
 
































Fig. 2.6. The location of the quasi-Fermi levels as function of the carrier 
density. 
 
The carrier densities n for electrons and p for holes are normally equal for the levels that 
























































where mlh is the effective mass of light holes in the valence band. 
 
The material gain coefficient can be decomposed into a gain coefficient g
’
m and an 
absorption coefficient g
”
m which are both positive per following convention, 
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How the spectral gain coefficient relates to the material gain – for the same values that 
will be used for the later simulation – can be seen in Fig. 2.7. The gain peak shifts to 
higher energy levels (shorter wavelengths) for an increased pump [97]. 
 











































Fig. 2.7. The relation between the gain coefficient and the net material gain as 
function of the wavelength. 
 
The material loss coefficient α depends on the carrier density via the carrier-
independent and carrier-dependent absorption loss coefficients K0 and K1, which take 
the intrinsic material loss and the inter-valence band absorption into account. 
 
0 1( )n K K nα = + Γ  (2.21) 
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The constant Γ is the confinement factor for the optical radiation and is determined by 








F x y dxdy








The spatial evolution of the signal and the noise inside the SOA is described by a pair of 
travelling-wave equations. These equations can be formulated for the parts propagating 
in positive and in the negative direction to take reflections from the end facets into 
account. 
 
An ensemble of Ns optical signals Sk are launched into the waveguide and amplified by 
the SOA, whereby the interaction between the photon rates and the carrier density are 
described by a set of coupled differential equations. As the active region is narrow, 
transversal variations of these measures are considered to be negligible. 
The propagation axis z is chosen to originate from the left (input) facet. The field of 
each signal is decomposed in a component that travels into the positive and another one 
that propagates into the negative z-direction, whereby the photon rates ΨSk of the light 




± ±Ψ =   1 sk N= …  (2.23) 
 
The signal has to be treated coherently to consider effects on facets on its transmission 
through the amplifier that depends on its phase and frequency. The differential 
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whereby the signal propagation coefficient βk is given by the equivalent refractive index 







β =  (2.27) 
 
The input signal is coupled into the SOA from the left side (z = 0) and the output signal 
is retrieved at the right facet (z = L), always respecting the fiber coupling efficiencies ηin 
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and ηout as well as eventual residual facet reflectivities r1 and r2 for the field amplitudes 
at the input and output which are given by the power reflectivities R1 and R2, 
 









=   
 
( )21 ( )outk SkE r E L
+= −   
2
outk k out outkP hv Eη=  
(2.28) 
 
To obtain the equivalent refractive index neq, 
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= +  (2.30) 
 
in which neq0 is the equivalent refractive index without carrier injection and n2 is the 
refractive index of the InP material that surrounds the active region. The dependence on 
the carrier density is given by the change of the refractive index n1 of the active 
waveguide with the carrier density, 
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As the generated noise drains the injected carriers and also has impact on the saturation 
of the gain, it affects the amplification of the signal and has to be taken into account for 
accurate modeling. However, due to its distribution over a wide wavelength range it 
does not have to be treated coherently. 
 The remaining reflectivities of the facets form a cavity so that the ASE spectrum will 
show longitudinal modes. Noise photons will then be generated according to those 
modes with discrete frequencies νj that are separated in frequency by the mode spacing 
∆νm, 
 


















The cut-off frequency νc is given by the band edge Eg0 (equation 2.10) and the constant 
∆νc is used as offset to match the first discrete frequency ν0 to a resonance. The 
constants Km and Nm depend on the gain bandwidth and desired accuracy of the model. 
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 The ASE generated in the SOA is described in terms of power by averaging the noise 




 for a particular 
polarization refer to a frequency range of Km∆νm that is centered on the frequency νj, 
travelling in the positive and negative propagation direction, respectively. The 




( , ) ( ) ( ) ( , )
j
m j j sp j
d z






= Γ − Ψ +  
( )
( )
( , ) ( ) ( ) ( , )
j
m j j sp j
d z






= − Γ − Ψ +  
 
1(0) (0)j jR
+ −Ψ = Ψ  
2( ) ( )j jL R L
− +Ψ = Ψ  
(2.33) 
 
where Rsp represents the spontaneously emitted noise that is coupled into those noise 
signals. This contributing term can be determined by comparing the emitted noise of an 
ideal amplifier with the quantum mechanical model [94], 
 
( )1out j m mN G h Kν ν= − ∆  (2.34) 
 
An ideal amplifier works without gain saturation and therefore a constant carrier 
population along the amplifier. Furthermore, it has no intrinsic losses, no facet 
reflectivities and no coupling losses. Therefore in the travelling-wave equations the loss 
coefficient α can be set to zero and the output noise power centered on frequency νj for 
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with gain G at this center frequency. Compared to the previous mentioned quantum 
mechanical expression the term Rsp can be found with 
 
( , ) ' ( , )sp j m j m mR n g n Kν ν ν= Γ ∆  (2.36) 
 
Injected noise photons are by their nature not centered on the resonant frequencies but 
uniformly spread over the appropriate frequency band of a resonance. Therefore, this 
generated noise will be partially filtered by the cavity and a normalization factor for the 




 has to be taken into account. 
 For the case that the cavity round trip time is much smaller than the inverse of the 
highest frequency component of the input signal – which is typically the case for the 
considered dimensions and data rates – the gain around a resonant frequency νj in a 
band ∆νm around this resonance is 
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and a gain ripple can be observed in the gain spectrum T(ν) due to the difference for 
resonant and anti-resonant frequencies. 
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= −    ( )1 1m mj K N= −…  
(2.41) 
 
The gain ripple is not static in its spectrum: the comb-like transmission function is red-
shifted in the presence of an input signal due to the carrier reduction that takes place 
with the amplification of the signal in the active waveguide. This in turn leads to an 
increase in the refractive index in the active region and thus to the experienced shift in 
the optical spectrum of the gain ripple. 
 An enhanced gain ripple can be critical since the information bandwidth of the signal 
can be comparable to the spectral period of the ripple. Especially for optical data signals 
that are located at the positive edge of the ripple, severe degradation can be suffered 
[99]. A more detailed analysis of the gain ripple will be presented in chapter V.2, where 




Note. Residual facet reflectivity introduces also backward gain. This effect is unwanted 
and critical in transmission systems with cascaded amplification without isolation of the 
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A ratio of 20 dB between forward and backward gain alone requires therefore a facet 
reflectivity of 3 10
-5




 The noise output for a noise input spectral density σin that is distributed uniformly 
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For the case of having this input noise concentrated at the resonance frequency νj, the 
noise photon rate would be  
 
, ( )res out in m j jN G Kσ ν ν= ∆  (2.43) 
 









































and is identical to unity if there are no facet reflectivities present. 
Taking coupling losses ηout, two polarizations and a bandwidth of Km∆νm into 
consideration, the spectral noise density for the photon rate centered on νj is 
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(2.46) 
 
where the spectral density of the noise photon rate σN of the closest cavity mode, where 
noise is pronounced, is multiplied by the photon energy and the ratio of actual gain for 
the desired frequency and the average gain of the closest cavity mode. For a bandwidth 
of ∆ν, the ASE power can be easily calculated via this spectral density. 
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Both, signal and noise photon rates drain the carrier population. This is taken into 
account by a rate equation for the carrier density n. Carriers are injected via the bias 
current I that is assumed to pass uniformly only through the active region defined by the 
geometrical parameters L, d and W. Further, the rate equation takes the recombination 
covered by the term R and the amplification of signal and noise into account, which all 
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Noise is generated in two orthogonal polarization modes (TE, TM) and the fraction of 
amplified photons that resides in the active region is determined by the confinement 
factor. 
 The recombination rate R is given by radiative and non-radiative processes that can 
be expressed by polynoms [102,103] of the carrier density, incorporating the 
coefficients Arad and Brad for linear and bimolecular radiative processes. The non-
radiative recombination is comprised of linear recombination due to traps in the 
semiconductor material that are given by the coefficient Anrad, bimolecular 
recombination that is taken into account by Bnrad, Auger recombination which is 
determined by the coefficient Caug and Dleak covers leakage effects. 
 
( ) ( ) ( )rad nradR n R n R n= +  
 
2( )rad rad radR n A n B n= +  





Note. An interpretation of the rate equation as leaky 
bucket with higher energy carriers on the top reveals 
the wavelength-dependency of the saturation. When 
carriers are poured out of the bucket, higher energy 
carriers will deplete faster than the carriers on the 
bottom. 
In so-called “reservoir” models, the SOA behavior is 
reduced to the solution of a single differential equation 
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variable of a SOA is given by the carrier density, since it allows – once its (dynamic) 
behavior is found – to predict the behavior of several WDM channels. Due to the 
similarity with excited Erbium ions in Erbium-doped fiber amplifiers, the term 





The SOA is discretized in space for a numerical implementation in Matlab as it is also 
done for the desired wavelength range. The latter allows to obtain the gain and noise 
figure spectra, while investigating effects such as the gain ripple. 
 
Several semiconductor related parameters were taken from literature [93] and the 
analysis performed was carried out for a wavelength of 1550 nm if there should not be 
another condition mentioned. The parameters used for the analytical model as well as 
for the simulation are listed in Table 2.1. 
 
SOA – Gain 
The spatial carrier density distribution goes hand in hand with the spatial distribution of 
the optical power within the SOA and is related via the pump depletion (Fig. 2.8). 
Foremost, the backward propagating signal is small compared to the forward 
propagating one thanks to the small facet reflectivities. Further, the spatial distribution 
of the carriers shifts towards the input facet with increasing input power, since the ratio 
between signal and noise emission is more beneficial. This means that more carriers are 
devoted for the amplification of the signal while the concurrently raising spontaneous 
emission stays at a low level. This is the case for Fig. 2.8, where an input power of -10 
dBm was set for the simulation. 
  
































Bias = 80 mA
Bias = 120 mA
Bias = 140 mA
 
(a) 






































Fig. 2.8. Spatial distribution of (a) the carrier density and (b) the photon rates 
for forward- and backward propagating signal and noise for a signal input 
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parameter value chosen attributed to 
L length 400 µm 
d thickness 0.4 µm 
W width 0.4 µm 












molar fraction of Arsenide in the active 
region 
0.892 
a 1.35 eV 
b -0.775 eV 
c 
quadratic coefficients for the band-gap 
energy 
0.149 eV 
Kg band-gap shrinkage coefficient 0.9 10
-10
 eVm 




effective mass of electron in the 
conduction band 
0.045 m0 
mhh effective mass of a heavy hole in the VB 0.46 m0 
mlh effective mass of a light hole in the VB 0.056 m0 
n1 active region refractive index InGaAsP, 3.22 
n2 bulk region refractive index InP, 3.167 
dn1/dn 
differential of active region refractive 







equivalent refractive index at zero 
carrier density 
3.22 





























































ηin, ηout fiber coupling loss 1.5 dB 
R1 input facet reflectivity 5 10
-5
 

















ω optical frequency 193.1 THz opt. signal 
Table 2.1. Parameters chosen for the simulation of the SOA. 
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On the contrary, if the input signal level is low, as in Fig. 2.9 that shows the results for 
an input of -25 dBm, the spatial distribution of the power levels and carrier density 
show a symmetry in the middle of the SOA. For this signal input, the ASE is already 
dominating over the signal, leading also to a symmetrical ASE distribution along the 
SOA. 
 
































Bias = 80 mA
Bias = 120 mA
Bias = 140 mA
 
(a) 






































Fig. 2.9. Spatial distribution of (a) the carrier density and (b) the photon rates 
for forward- and backward propagating signal and noise for a signal input 
of -25 dBm, the latter for a SOA bias current of 120 mA. 
 
The SOA can be also used to simultaneously amplify signals on different wavelengths. 
Fig. 2.10 shows an example for three input signals at wavelengths of 1540, 1550 and 
1555 nm and power values of -15, -10 and -15 dBm, respectively. However, when 
modulated signals are amplified in a SOA, care has to be taken that the amplifier is 
operated in the linear regime since otherwise cross-gain modulation occurs, which will 
lead to cross-patterning effects between the individual data signals. 
 























Fig. 2.10. Amplification of multiple wavelengths with a common SOA. The 
resolution bandwidth is 0.1 nm. 
 
The spectrum shows the usual ASE peak that derives from the parabolic band structure 
(Fig. 2.11). The ASE background has some gain ripple that is caused by the residual 
facet reflectivities. Especially for low signal input power, the ASE background 
enhances together with its gain ripple due to the shared carrier reservoir. Note that in 
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Fig. 2.11, the signal peak with its high optical power level has been suppressed for the 
sake of enhancing the visibility of the gain ripple. 
 


















Bias = 80 mA
Bias = 120 mA
Bias = 140 mA
 
(a) 


















Pin = -30 dBm
Pin = -20 dBm
Pin = -10 dBm
Pin = 0 dBm
Pin = 10 dBm
 
(b) 
Fig. 2.11. Optical spectrum at the SOA output for a resolution bandwidth of 
0.1 nm, for (a) a signal input of -10 dBm and (b) a bias current of 120 mA. 
 
In the pure ASE spectrum, shown in Fig. 2.12, nonlinear gain compression can be 
deduced for the application of the SOA as amplifier. A slight shift of the ASE peak can 
be seen when the bias current increases. This is related with the change in the optical 
density (i.e. the refractive index) inside the SOA, caused by the higher carrier density. 
An increase of the bias current from 60 to 100 mA shifts the peak by ~4 nm. Residual 
facet reflectivities due to a good but not perfect anti-reflection coating lead to gain 
ripple. The magnitude of the ripple is related to the in general high gain provided by the 
SOA medium. As can be seen in Fig. 2.12(b), the gain ripple for the chosen facet 
reflectivities of 5 10
-5
 and a bias current of 100 mA is already 1.9 dB at the ASE peak. 
 The gain ripple is especial critical for the reflective derivates of the SOA, the RSOA. 
This anchors in the high reflective facet on the back of the device, which requires a high 
quality for the front facet that is typically coated with a dielectric multi-layer anti-
reflection coating. 
 


















Bias = 60 mA
Bias = 100 mA
Bias = 120 mA
 
(a) 


















Bias = 60 mA
Bias = 100 mA
Bias = 120 mA
 
(b) 
Fig. 2.12. (a) ASE spectrum and (b) gain ripple and shift of the ASE peak for 
different SOA bias currents and a resolution bandwidth of 0.1 nm. 
 
Although nonlinear gain compression can be deduced from Fig. 2.12(a), a more proper 
investigation of the gain saturation effect that is introduced by a raised bias current is 
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focused on the signal amplification itself. Fig. 2.13 and 2.14 show this gain-current 
relation for the signal wavelength. 
 Once transparency is achieved by injecting a bias current of ~25 mA, a small signal 
gain up to 24 dB can be obtained for a bias as high as 120 mA. However, this gain 
cannot be provided as the input power level raises. This saturating effect is shown in Fig. 
2.13 as function of input as well as output power for different bias currents. For a 
typical pump of 100 mA the small signal gain of 23 dB starts to saturate when the input 
power reaches -13 dBm, corresponding to an output power of 6.7 dBm. This shows that 
for input power levels that are typically considered in access applications, at least weak 
gain saturation has to be taken into account. For higher bias values the saturation output 






Fig. 2.13. (a) Gain and (b) output power of a SOA as function of the bias 
current and optical input power. 
 
  
Fig. 2.14. The effect of optical gain saturation occurs for higher values of 




Note. The effect of optical gain saturation is in principle not wanted for optical 
amplifiers. The origin of saturation is found in the carrier depletion, which is 
pronounced for high signal input power values. For EDF-based amplifiers, saturation 
occurs at higher power values, which is one of the reasons why booster amplifiers are 
typically employing EDFAs. However, the pumps required for such boosters can be 
very strong compared to small signal amplifiers for single wavelengths. 
Nonetheless, saturation is not always a bad thing. Many applications, primarily related 
with all-optical signal processing, derive from the beneficial use of saturation. Since 
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data streams have to be handled by the 
amplifier, the dynamic behavior of the gain 
saturation plays an important role. An 
important measure for the dynamics is the 
gain recovery time, which strongly 
depends on the SOA design. For 
commercially available bulk components, 
this time constant is in the order of 200 ps 
but can be decreased to a few picoseconds by introducing quantum dots in the active 
region [104]. Such dots are semiconductor particles with a scale of nanometers – in the 
order of tens to hundreds of atoms – and allow to catch single carriers that are then 
confined in a well-defined specific energy level. With the introduction of such quantum 
mechanically enhanced devices, high bit rates of 40 Gb/s and beyond can be supported 




SOA - Noise generation 
 
Interband transitions in semiconductors not only result in stimulated emission. A small 
portion of recombined electron-hole pairs lead to spontaneous emission, as it is also the 
case for laser diodes that are driven below their threshold. The spontaneously emitted 
photons are partially coupled into the signal and amplified together with the signal. 
 The noise figure of SOAs is comparable with the one of EDFAs, but suffers from the 
fact that part of the signal is lost during the fiber-to-chip coupling. The coupling 
efficiency appears therefore in the analytical expression for the noise figure NF so that 
 
SOA in EDFANF NFη≈  (2.50) 
 
Although the theoretical noise figure could in principle reach the 3-dB limit, it is 
typically in the order of 6 dB due to the fiber coupling. 
 However, considering photonic integrated circuits where light is inserted and 
extracted once, the integration of SOAs into photonic subsystems does not introduce 
devastating noise accumulation. 
 The RSOA is subject to an increased noise figure due to the mirror at its back facet. 
The ASE that raises in forward propagating direction is reflected back towards the input 
facet, so that a more rapid ASE build-up is given compared to the SOA. 
 
The impact of the ASE, which is coupled into the signal, on the noise figure depends on 
the signal gain that is experienced on the way through the amplifier. Fig. 2.15 shows a 
typical characteristic for different bias currents and optical input power values. 
 The noise figure spectrum of the SOA is shown in Fig. 2.16. The minimum for the 
input power can be found between -5 and -10 dBm, corresponding to Fig. 2.15(b). 
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Fig. 2.15. Fiber-to-fiber gain and noise figure at 1550 nm for (a) an input of -10 
dBm and (b) a bias current of 120 mA. 
 

























Bias = 80 mA
Bias = 120 mA
Bias = 140 mA
 
(a) 

























Pin = -20 dBm
Pin = -15 dBm
Pin = -10 dBm
Pin = -5 dBm
Pin = 0 dBm
Pin = 5 dBm
 
(b) 
Fig. 2.16. Noise figure spectrum for (a) an input of -10 dBm and (b) a bias 
current of 120 mA. 
 
Fig. 2.17 shows the noise figure contour several operation points that are defined by the 
bias current and the input power of the signal. Concerning the input power, two regions 
have to be excluded for operation to achieve optimum performance, as indicated by the 
dashed lines in the figure: 
 If the input power of the signal is too low (below -20 dBm), the noise photon 
rate is quite high compared to the signal photon rate. The signal is then 
amplified with the small signal gain but does not reach a high output power 
level, and the noise contributes in a bigger ratio than if the signal would have 
output powers close to the saturation. 
 An input signal with high input power cannot be amplified with high gain so 
that the amplifier is mostly adding noise. The area of operation for this scenario 
is located at input powers larger than 3 dBm for higher bias currents above 80 
mA. 
 
Between these two boundaries, a noise figure ~7.3 dB can be obtained for bias currents 
that are moderate or high to ensure operation well above the transparency threshold. 
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Fig. 2.17. Noise figure contour of a SOA as function of the bias current and 
optical input power. 
 
 
Reflective SOA – Gain and Noise Figure 
 
The gain and noise emission of a SOA is changed with a redesign of its back-facet 
towards a retro-reflector. The impact of this alternative design on gain and noise figure 
will be discussed briefly. For the analytical model, the reflectivity R2 of the back facet 
was chosen with 1 - 5 10
-5
, according to a high reflective dielectric coating. The output 
signals are then taken at the bidirectional front facet. 
 
A moderate gain is expected to be obtained with a lower bias current due to the fact that 
the signal passes the active region twice due to the artificial reflection. On the other 
hand, the effect of gain saturation will therefore approach at lower values of input 
power. Fig. 2.18 and 2.19 show the gain saturation of the RSOA. 
 For an input as low as -25 dBm and a bias current of 40 mA near the transparency 
point, the gain of the RSOA is already 17.5 dB while it is 13 dB for the SOA. For the 
same (low) input power, a small signal gain of 22 dB can be already achieved for a bias 






Fig. 2.18. (a) Gain and (b) output power of an RSOA as function of the bias 
current and optical input power. 
 
 
43  Chapter II. Fundamental SOA Models 
 
Regarding the gain saturation at a moderate input power of -10 dBm, the gain drops to 
18 dB for the SOA biased at a current of 100 mA and to 17 dB for the RSOA. For this 
bias current, a small signal gain of 26 dB can be obtained, which has its saturation point 
at an input power of -19.3 dBm or an output power of 3.7 dBm, respectively. The 
shallow dip in the gain of Fig. 2.19 that is present at higher bias currents and low input 
powers in the model is due to numerical effects in the calculation and has no physical 




Fig. 2.19. Optical gain saturation for the RSOA at higher values of optical 
input power. 
 
The RSOA has a higher noise figure due to its retro-reflective design. Fig. 2.20 shows 
the noise figure contour for different bias current and input power settings. 
 
 
Fig. 2.20. Noise figure of a RSOA as function of the bias current and optical 
input power. 
 
Compared to the SOA, the aforementioned optimum region indicated as the blue area in 
Fig. 2.17 does not appear in the model of the RSOA as the noise factor increases with 
raising input power due to the saturation onset where mostly noise photons are added 
while the signal power stays constant. The inhomogenities in the optimum region in Fig. 
2.20 are due to the same numerical effects that appeared when calculating the gain of 
the RSOA. For a low input power of -30 dBm and a bias current of 100 mA, the noise 
figure would be around 10.5 dB, neglecting those inhomogenities mentioned. Compared 
to the optimum working point of the SOA, where a noise figure of 7.5 dB can be 
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Note. In transmission links it is important to have a measure for the signal degradation 
due to accumulated optical noise from intermediately placed optical amplifiers. The 
power ratio between signal and noise background is typically used for this reason. 
Since the optical noise is spectrally broad compared to the data channel, a reference 
bandwidth ∆ν for the resolution of the noise is defined to relate just a portion of the ASE 
background to the signal. Commonly, this resolution bandwidth is chosen with 0.1 nm. 
This methodology of calculating the optical signal-to-noise ratio, short OSNR, allows to 
see the noise impact of different amplifiers in the network easily. A high OSNR 
degradation then means that the operating conditions of an amplifier, mostly related 
with its signal input, is not optimally chosen. In this way, faults in a complex optical 
network can be located easily. Alternatively, by measuring the OSNR with an optical 
spectrum analyzer, one can deduce the approximate noise figure of an amplifying 
element within the network. 
The relation between the OSNR, the input power and the noise figure is given for a 
specific resolution bandwidth (e.g., for a bandwidth of 0.1 nm the accumulated ASE 
power spectral density is -58 dBm). According to [105], the relation between the noise 
figure and OSNR and the degradation due to an added amplifier are 
 









A graphical interpretation of these expressions can be found in the figures below, which 
show the OSNR at the output of a SOA for different signal input powers, and in the 
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2.3 Electro-Optical Modulation Bandwidth 
Foremost the application of SOAs as low-cost intensity modulators has made this 
photonic device attractive for many applications. However, limitations are given by the 
electro-optical (e/o) response of the semiconductor [106], which will in turn prevent to 
reach high modulation data rates. 
 
 
2.3.1 Electro-optical transfer function 
The electro-optical response of the SOA depends on the chosen point of operation [107], 
for which stringent limitations for the applied modulation can be imposed. Next to the 
physical processes inside the semiconductor material that are related with the applied 
bias current and optical signal input of the SOA, also the packaging of the device has to 
be taken into account. 
 Physical design parameters for the differential gain coefficient as they have been 
mentioned in chapter II.2 and transport effects such as diffusion or tunneling [108,109] 
are not taken into account in the presented macroscopic model. 
 
 
Analytical Model for the Semiconductor 
 
According to equations 2.6 and 2.49, the SOA gain recovers with the time constant 
 
2 1
e A Bn Cnτ
γ










  (2.51) 
 
and depends on the carrier density n. The exact composition is given by the non-
radiative recombination rate A, the radiative recombination coefficient B and the Auger 
recombination coefficient C. Typical values for bulk components are around 200 ps. 
 The operation of the SOA follows the rate equation for the carrier density (equation 
2.48), which can be simplified written either for carriers n
*




















In this version of the rate equation, the bias current I that is injected into the volume of 
the SOA leads to a gain G for a signal with photon number P
*
 or equivalent optical 
power P, respectively. The ASE build-up in the SOA waveguide, incorporated in 
equation 2.48, is neglected for the sake of simplicity. 
 The small signal steady state carrier density N0 and the small signal gain coefficient 
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where NT is the carrier density that is necessary to achieve transparency, typically in the 




. This interpretation of the gain coefficient is also common 
for laser diodes, where a linear relation between gain and carrier density is given once 
the transparency point is reached. Although no temperature dependency is given in this 
model as it does not derive from the semiconductor design itself, an increasing 
temperature will cause a reduction in the gain coefficient a and an increased 
transparency carrier density NT. 
 Considering the SOA to be linear, the signal gain G and the small signal gain G0 are 
related with the material gain via 
 
( )expG gL=     ( )0 0expG g L=  (2.54) 
 
Saturation for a higher optical input can be taken into account by a dependence on the 



























The saturation power is determined by the waveguide cross-section and the optical 
frequency ω of the signal. With this interpretation of the gain, the travelling-wave 
















The facet reflectivities are treated to be ideal, so that no counter-propagating signal is 
present inside the active waveguide. Note that the time dependence originates due to the 
treatment of the power in terms of photon flux. A transition from photon number P
*
 to 
optical power P and from carriers n
*
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  *n ndV= ∫  (2.57) 
 
where E is the optical field, n1 is the refractive index of semiconductor material in the 
active waveguide that has a volume V = dWL, and ng is the group refractive index, 
which has a value of ~4. 
 
Originating from this basic set of equations, the e/o response of the SOA can be 
investigated by small signal analysis. For this reason a small sinusoidal signal with 
angular frequency Ω is applied to the bias current, and the fluctuations on the carrier 
density and the output power are observed. 
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As the gain depends on the carrier density and on the optical power of the signal, it will 
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For the rate equation, the introduced change in the carrier density is then 
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Further, by taking the sinusoidal modulation into account, the time-derivative can be 
related with a multiplication by jΩ so that 
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which yields further a second order response 
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ΓR determines the damping factor of the transfer function of the e/o response, as can be 
seen later in the simulations. Re-expressing the carrier density according to this second 
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The e/o response can be found as the change of power for a certain change of current, 
and is determined by 
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This function shows a resonance peak that depends on the operation point of the SOA 
that is determined by the average values of bias current and input power. The resonance 
frequency follows the oscillation of a coupled population of electrons and photons: the 
energy shifts back and forth between being stored as photons or as excited carriers. 
 
 
Electrical-electrical Response of Packaging Parasitics and Bonding Wires 
 
The e/o response of the semiconductor is not the only limitation for modulation. In 
addition, the electrical interface of the bias electrode will introduce a natural low-pass 
transfer function for the electrical signal [111]. The exact filter function depends on the 
quality of the bonding interface. Typically, commercial SOA devices are not intended to 
be primarily used as intensity modulator so that the bonding interface inside the package 
is not optimized for high modulation bandwidths. Microwave losses occur during 
propagation, caused e.g. by the n-cladding and the substrate that act as lossy ground 
plane, an eventual insufficient gold thickness of the top contact or due to the forward 
conduction [112]. 
 The electrical model for the packaged SOA, sketched in Fig. 2.21, consists of the 
chip itself with a low junction resistance Rj and the capacitance Cj of the SOA electrode, 
the bonding wire which introduces an inductive element Lp and the relatively large 
bonding pad that is characterized by its capacitance Cp. A small series resistance Rc 
accounts for the cladding region of the SOA. 
 
 




























Fig. 2.21. (a) Electronic package of the SOA and (b) equivalent circuit model. 
 
With a simple analysis, the e/e response, defined between the bias current of the 
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Overall electro-optical Response 
 
The overall response of the SOA is a concatenation of both transfer functions, 













Dependence on Bias Current and Optical Input Power 
 
To see the dependence on the bias point, the optical input power was fixed to -15 dBm, 
while the bias current was chosen with different values (Fig. 2.22 to 2.24). The relative 
response is thereby related to the response at Ω = 0. 
 The e/e response of the bonding interface forms together with the resonance peak of 
the second-order e/o response of the SOA itself a plateau after a first low-pass roll-off 
(Fig. 2.24). Depending on the optical input power and the bias current, this plateau can 
reach higher e/o bandwidths (typically around 1.5 to 3 GHz), before the response shows 
again a strong roll-off due to the low-pass behavior of the e/o response. 
 If the resonance of the e/o response is strong enough, the plateau is located just a few 
Decibels below the begin of the first roll-off (which is typically around 150 to 800 MHz, 
depending on the way of packaging). As this difference would produce a ripple in the 
data pattern once the SOA is used as modulator, it is necessary to cut the first roll-off, 
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so that the overall e/o response corresponds to a first-order low-pass with a cut-off that 
coincides with the resonance of the e/o response of the SOA. 
 By increasing the bias current, the resonance peak of the e/o response is enhanced 
and shifted towards higher modulation frequencies. While there is no peak for bias 
currents just above the transparency point (Fig. 2.22), one is established at 1.4 and 2.2 
GHz for currents of 100 and 150 mA, respectively (Fig. 2.23 and Fig. 2.24). The plateau 
of the overall transfer function, which is found after the first roll-off, is broadened for a 
higher resonance peak. 
 





























































Fig. 2.22. Response and patterning for a bias of 50 mA and an input power of 
-15 dBm. 
 





























































Fig. 2.23. Response and patterning for a bias of 100 mA and an input power 
of -15 dBm. 
 




























































Fig. 2.24. Response and patterning for a bias of 150 mA and an input power 
of -15 dBm. 
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The influence of the optical input power is shown in Fig. 2.25 to 2.26 for a fixed bias 
current of 100 mA. A decrease in the optical input power leads to a reduced e/o 
response. With a high input power of -10 dBm, the resonance peak is located at 2.3 GHz 
while for -20 dBm it shifts downwards to just 0.9 GHz. However, it is still present due 
to the higher bias current chosen for operation, far off the transparency point. 
 



























































Fig. 2.25. Response and patterning for a bias of 100 mA and an input power 
of -10 dBm. 
 





























































Fig. 2.26. Response and patterning for a bias of 100 mA and an input power 
of -20 dBm. 
 
Note that the time response shown in Fig. 2.22 to 2.26 may not always correlate to the 
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The resonant behavior of the e/o response is characterized in terms of resonance 
frequency and damping factor (defined as the ratio ΓR/ΩR), which both depend on the 
operation point and are therefore functions of optical input power and bias current (Fig. 
2.27). 
 For a fixed resonance frequency, e.g. 1.5 GHz, the damping factor drifts for changes 
in the operation point. Comparing operation at -12 dBm and 74 mA with another bias 
point of -16 dBm and 105 mA, the damping factor decreases from 0.63 to just 0.46, 




Note. The ripple in the envelope of the bit stream that is introduced due to the roll-off at 
low frequencies below the plateau can be flattened by a pre-equalization of the e/o 
optical response. As it is illustrated in the figure below, the response can be modified at 
the cost of some losses, in terms of an additional e/e-filter function that aims at cutting 
the disturbing roll-off. In this way, the overall e/o transfer function will approximately 
appear as first-order low-pass filter, with a cut-off that is shifted towards higher 
modulation bandwidth, according to the resonant peak of the semiconductor. 










































resonant peak of semiconductor 
dynamics shifted with increased
optical input power
rolloff appears later as the
































2.4 Patterning and Optical-Optical Transfer Function 
On the contrary to an EDFA, transients at the bit level have to be taken into account for 
SOAs due to their much faster gain recovery that is primarily related with interband 
transitions. For the bit rates considered here, such transients do not only appear at the 
borders of a data packet as it is the case for EDFAs that are not stabilized for bursty data 
traffic, but at each edge inside the bit stream. Overshoots at the build-up of optical 
pulses and undershoots at their falling edges occur. The first kind of bit transients root 
in the unused gain before the bit and the finite speed of optical gain saturation once the 
pulse is established. A similar behavior is exploited at the falling edge, when the carrier 
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density is still depleted at the begin of the consecutive space after the pulse, which 
causes the low optical power to be amplified with less gain. 
 Due to these phenomena, the rails in the marks and spaces of the eye diagrams are 
pronounced and lead to a closing of the eye. Although they cannot be considered as 
noise source, these transients will cause degradation on the amplified signal and are 
therefore critical in transmission systems [113], especially when a cascade of SOAs is 
used along the overall communication link [114]. 
 The intraband relaxation processes that determine the finite speed of the gain 
dynamics are depicted in Fig. 2.28. The stimulated emission leads to a fast depletion of 
carriers, which are partially recovered due to carrier heating and cooling [115], the latter 
resulting in carriers with energies that are below the average through simulated 
absorption. The slow process of carrier injection determines the overall recovery time 




















































Fig. 2.28. Intraband relaxation processes behind the gain dynamics of the 
SOA. 
 
It is difficult to assess the magnitude of distortion analytically due to the random nature 
of bit streams. Typical data streams are sequences that typically contain long sequences 
of consecutive marks and space bits. Though these blocks of similar bits appear with 
low probability, they are causing sever distortions due to the fact that low bit error 
probabilities are aimed for. From an experimental point of view, the distortions caused 
by these critical sequences of consecutive identical bits are not visible in the eye 
diagram – though in the bit error ratio – and therefore difficult to identify. 
 A simple characterization of the induced transients can be performed in terms of their 
relative values referenced to the eye opening for reference signals such as rectangular 













where M1 is the maximum output power that is reached during a pulse. The power 
levels P1 and P0 are the mean values for marks and spaces, respectively, corresponding 
to a transmitted mark or space bit. 
 The distortions in the bit pattern raise when the saturation regime is approached. The 
signal input power plays therefore an important role as can be seen in Fig. 2.29(a), 
which shows the results that were obtained with the analytical model and a rectangular 
input signal. The extinction ratio of the input signal was thereby fixed to 6 dB, meaning 
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that the space bits remain with some residual optical power. This results in a partial 
clamping for the carrier density and thus in a weak stabilization for the optical gain. 
 As it is obvious from Fig. 2.29(b), a random bit sequence is affected by transients 
with different magnitude, since sequences of consecutive mark bits allow the gain to 
build up to a high instantaneous value at the first following mark bit. 
 
 






















Fig. 2.29. (a) Relative overshoot on the amplified data signal as function of the 
input power for different bias currents. The extinction ratio of the input signal 
was 6 dB. (b) Distorted random bit pattern with over- and undershoots. The 
output signal is normalized in its steady state magnitude to the input signal. 
 
Once transparency is achieved with an appropriate bias current, transients are observed. 
A compression of the relative overshoot is experienced when the bias current increases. 
For a bias current of 100 mA, the overshoot is twice as large as the eye for an input 
power of -8 dBm. 
 
An analytical approach to assess these effects can be obtained by expressing the SOA 
gain in terms of an optical-optical (o/o) response. Although this does not directly allow 
to deduce the magnitude of the transients, the capability of a SOA to suppress optical 
noise – a beneficial effect that supports the seeding of an optical carrier as it will be 
discussed in chapter VI.2 – derives from this model. 
 
 
Analytical Model for the Semiconductor 
 
The modulation of the carrier density ∆n solely due to a variation of the optical input 
signal ∆Pin is derived from the rate equation 2.52 with 
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The recombination term R is here expressed in a way to exploit its characteristic 
effective carrier lifetime τe, according to equation 2.6, and the saturation power Psat is 
given by equation 2.55. 
 Considering small signal analysis, the time derivatives can be easily solved, which 
leads to a low-pass expression for the modulation of the carrier density ∆n that depends 
on an effective time constant τeff. 
 
 



































This effective time constant τeff is determined by the mean optical power in the SOA and 
can be modified by one or more additional signals at different wavelengths. Note that 
the saturation power for this “holding” beam depends on the chosen wavelength. 
 Together with the travelling-wave equation 2.33, here neglecting the material loss 
coefficient α for the sake of simplicity so that  
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The index k denotes the different signals that are inserted into the SOA and vg is the 
group velocity that spans a conjunction between the aforementioned interpretation of 
the travelling-wave equation and the one as photon flux. The differential gain 
coefficient a and the transparency carrier density NT is considered to be the same for 
these signals. Treating the amplifier with length L as linear allows to predict the output 
power variation ∆Pout. 
 
: out in in
g
z L P P G P L n
n
∂




This leads with the retrieved modulation of the carrier density ∆n to an expression for 
the o/o response. Looking at equation 2.72, it is obvious that the low-pass behavior of 














∆ ∂ + Ω
 (2.75) 
 
The high-pass behavior of the o/o response is pronounced for large optical confinements 
Γ, a large differential gain coefficient and high bias currents or input power values. For 
this reason short SOAs are preferred since they are typically designed for lower bias 
currents and have a smaller differential gain coefficient to reach the same SOA gain. 
 
 
Dependence on Bias Current and Optical Input Power 
 
The magnitude of the high-pass characteristic is shown in Fig. 2.30 as function of the 
bias current and optical input power. Once the saturation regime is approached as it is 
the case in Fig. 2.30(a) for an intermediate current of 60 mA at an already high input 
power of -10 dBm, the excursion at low frequencies raises to more than 4 dB. 
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 The saturation effect can be obviously seen from Fig. 2.30(b), where the input power 
is varied. Despite the high bias current of 80 mA, low input levels of -15 dBm do not 
cause an excursion of more than 1 dB. 
Fig. 2.31 summarizes a complete set of bias currents and input power values. 
 
















































































Fig. 2.30. Relative o/o response of a SOA for (a) an input power of -10 dBm 
and (b) a bias current of 80 mA. 
 
 
Fig. 2.31. Excursion of the o/o response at modulation frequency Ω = 0, 
shown for different bias currents and input power values. 
 
Although this saturation-induced filtering of low frequency components can be 
beneficial used to suppress low-frequency noise components such as it is often the case 
for increased relative intensity noise [116], the induced patterning for data signals with 
originally thin rails in the mark and space levels is often dominating [117]. These 
intrachannel distortions reduce significantly if constant envelope signals with 
appropriate modulation formats such as optical phase shift keying are used. The 
transients that occur are then negligible even for high optical input levels [118]. 
 For amplitude shift keyed signals different approaches exist to mitigate these 
overshoots without applying additional holding beams, though they are introducing 
some complexity to the overall transmission system. A constant envelope input signal 
for the SOA that avoids a pattern-dependent carrier density can be obtained by a second 
inverted data channel. This method has been demonstrated with a second channel that is 
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located at an orthogonal state of light polarization [119] or at a second wavelength 
[120]. Alternatively, optical filters can be added to the system to suppress the induced 
transients, which has been demonstrated with birefringent fiber-loop mirrors [121] or 




The modulation of the injected bias current of a SOA does not only cause intensity 
modulation, but leads also to modulation of the optical frequency due to band filling 
effects. The introduced phase modulation for the signals that are originally intended to 
be purely intensity modulated, sketched in Fig. 2.32, can lead to problems as well as to 












Fig. 2.32. Phasor diagram for (a) an unchirped and (b) a chirped transmitter. 
 
The linewidth enhancement factor α quantifies this phenomenon via the refractive index 








α =  (2.76) 
 
Typical values for the change of the real and imaginary components of the refractive 
index have been found for AlGaAs with -11.3 10
-3
 and -1.82 10
-3
 [123]. While the chirp 
parameter of early semiconductor lasers has been measured from 4 to 7 for 1.3 µm 
devices and around 6 in the 1.55 µm region, improvements have lead to smaller values 
of ~2 for directly modulated laser diodes. 
 The definition of the chirp parameter is made according to the Kramers-Kronig 
relation [124] in which a modulation of the gain is always accompanied by a 
modulation of the refractive index. The latter is equivalent to a modulation of the optical 
phase and therefore also to a broadening of the optical spectrum. The coupling between 
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where neff is the effective refractive index that is related with the modal gain Γgm. 
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 Since the denominator of equation 2.77 is proportional to the differential gain 
coefficient a as can be deduced from equation 2.53, the chirp parameter strongly 
depends on the wavelength as the differential gain coefficient does (Fig. 2.7). For this 
reason the chirp increases with longer wavelength [125], as will be experimentally 
assessed in chapter V.4. 
 The frequency variation ∆ν and the change in the optical phase φ that is caused by 
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where κ is a constant that takes the geometry, the quantum efficiency and the photon 
energy into account. 
 Chirping during modulation introduces together with a dispersive transmission link 
penalties for the reception, especially for modulation with large extinction ratios [127]. 
A possibility to reduce this unwanted effect is to apply a holding beam that maintains 
the separation of the quasi-Fermi levels and prevents therefore chirping. On the other 
hand, benefit can be taken out of the introduced parasitic phase modulation as will be 
addressed in chapters IV and V. 
 
 




The performance of operation of SOA and RSOA depends on the bias current and the 
optical input power, which define as pair the bias point. Different applications such as 
modulation or amplification will exploit different performance in terms of gain, noise 
figure, induced patterning or modulation bandwidth in different areas of operation, as it 
is summarized in Table 2.2. 
 
optical input power SOA 
RSOA low 
Pin < -15 dBm 
medium 
-15 dBm < Pin < -5 dBm 
high 





high gain and NF for 
very low input powers, 
good modulation ER 
for long devices,  
capable to modulate 
the optical phase 
gain decreases due to 




low gain, NF increases 














moderate gain and NF 
low gain, higher NF, 

















low gain, high NF, 
low modulation 
bandwidth 
no gain, high NF 
Table 2.2. Areas of operation for SOA and RSOA and its exploited 
performance for their application as light modulator. 
 






A Practical Perspective of SOAs 
 
The experimental operation of SOAs requires not only the careful preparation of the 
device, it demands also to identify problems with the help of pattern and eye diagram 
analysis or spectral measurements. 
 This chapter gives an overview about experimental procedures that go in parallel 
with the theoretical explanations made in chapter II, starting with a discussion of the 
physical design of different devices, continuing with a characterization of fundamental 
properties such as gain and noise emission to evolve later to basic applications such as 




The semiconductor-based version of nowadays optical amplifiers are closely related 
with Fabry-Pérot laser diodes due to their similar structure. The difference can be found 
in the anti-reflection elements at the end facets that avoid the presence of typical 
longitudinal modes in the gain spectrum. Recent designs include anti-reflective 
coatings, tilted waveguides and window regions to eliminate the reflection of the end 
facet almost perfectly. This effectively prevents the amplifier from acting as a laser and 
thus ensures a spectrally flat optical gain over a wide region. 
 The SOA has a small size, which raises potentially the interest for photonic 
integrated circuits. Together with its electrically pumping scheme, it becomes less 
expensive than the EDFA and can be combined with other semiconductor-based devices 
such as modulators. Its reflective version, the RSOA, consists of a conventional SOA in 
combination with a rear facet mirror so that the amplified light wave is retro-reflected. 
The reflective design of the RSOA provides an increased gain due to the double pass of 
the light through the gain region. Alternatively, the length of the RSOA can be smaller 
for achieving the same gain magnitude. The performance as amplifier is still not 
comparable with the EDFA due to its higher noise and the lower gain besides the 
moderate polarization dependence and high nonlinearity with fast transient time. 
 However, an additional characteristic is the ability to modulate the incoming signal 
as reflective modulator, removing the need for a local light source. The SOA has found 
many applications in optical telecommunication next to the use as intensity or phase 
modulator [128-130] or more traditionally as gain element in long-haul [131] and access 
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networks [132]. Some of them are related with wavelength conversion [133-138], 




3.2 Principal Amplifier Design 
The SOA design originates from the one of a Fabry-Pérot laser diode, whereby anti-
reflective coatings are attached to the facets to obtain a travelling-wave amplifier with a 
smooth optical gain spectrum. Fig. 3.1 shows a typical design for a SOA and an RSOA. 
The semiconductor chip holds a relative small area that is guiding the light and being 
pumped via the bias electrode, and eventually small passive sections close to the end 










































Fig. 3.1. Principal design of (a) a SOA and (b) a RSOA. 
 
While there are two fiber-to-waveguide couplings necessary for the SOA, its reflective 
version requires only one coupling, which significantly reduces the packaging cost of 
the latter. However, it has to be noted that SOAs can easily exploit their advantages in 
photonic integrated circuits where no fiber coupling is required. 
 Additional lenses or tapered fibers such as in Fig. 3.2 can be used to enhance the 
efficiency of the fiber coupling since the waveguides are from smaller dimensions 
(mode size around 1.5 µm) than the mode-field diameter of a single-mode fiber (~10 
µm). In addition, a tapered waveguide can be used inside the chip to reduce the large 
divergence (e.g. 35° x 27°) to smaller values (e.g. 17° x 17°), thus enhancing the 
coupling efficiency. 
 Several optical components used in the light path should be free of reflections and 
therefore covered with appropriate anti-reflections coatings to prevent the formation of 
an optical cavity that could lead to lasing effects. For typical small signal gain values 
provided by nowadays SOAs, the facet reflectivities have to be kept around 10
-4
 or 
lower for an acceptable ripple in the gain spectrum, and even lower for RSOAs. This 
can be attained by a tilted waveguide (around 7-10º depending on the desired 
suppression for the reflection) so that the signal does not arrive perpendicular to the 
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front and rear facet of the semiconductor chip, and hence reflections are not guided due 
to an extent beyond the critical angle. What remains is the change in refractive index 
between semiconductor (~3.1) and air. This difference in the optical density can be 



















Fig. 3.2. RSOA with waveguide coupling comprising of a tapered fiber. 
 
An electrode is attached to the top of the chip for pumping the amplifying waveguide. 
The electrode has to be as large as the active region to ensure a uniform injection of 
carriers. Considering a packaged device, the pump current is typically provided 
externally via the bias pad, which is connected to one of the pins of the package. The 
interconnection with the semiconductor chip is made via small bonding wires, which 
will determine together with the geometry of the bias pad and the electrode on the top of 
the semiconductor chip the electro-optical response for gain modulation, according to 
the previous chapter.  
 Here the RSOA benefits from the fact that its active waveguide is passed twice, 
which allows shorter designs for keeping the same gain magnitude. Due to the 
decreased device length and the therefore shorter electrode for the RSOA, the parasitic 
capacitance can be kept low and the modulation speeds are therefore not that limited as 
for the SOA. Since there is typically just one electrode present, the DC bias and the high 
frequency data signals are fed together via the electrical interface. An external bias-T 
with a sufficient low cut-off frequency is therefore necessary to split the DC bias and 
the data signals that are delivered for modulation or stem from detection of an incoming 
optical data signal. A too high cut-off for the low-frequency components of the data 
signal translates into transient distortions for bit sequences with consecutive digits and 
appears in the eye diagram as additional “noise” in both, the mark and the space rail. 
 
Besides these conventional SOAs, devices with dual-electrode design exist and allow to 
perform not only intensity but also phase modulation, which can be also used to 
enhance the transmission performance of data signals via chirp control [146]. However, 
there is always a trade-off between performance improvement and cost, and hence, a 
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multi-electrode design is typically not the preferred choice due to the more complicated 
packaging. 
 
Typical dimensions for a SOA that is used with intermediate gain values for small-
signal amplification are a length L of 400-700 µm, a waveguide width W of 2 µm, and a 
waveguide thickness d of 1 µm. Nonlinear SOAs can be much longer, reaching up to 
values around 2 mm. 
 A packaged SOA device comes normally but not necessarily with a Peltier element 
and a thermistor that is included in the package, as discussed in the next section. Some 
products also have a photo diode included to monitor the output signal for the purpose 
of regulating the current and, in turn, the signal gain [147]. Angled connectors are used 
for the fiber pigtails to avoid further reflections, although SOAs with an integrated 
isolator for booster applications exist too. 
 
 
3.3 Packaged Devices and Chips-on-Carriers 
SOAs and RSOAs can be ordered as bare chip, as chip-on-carrier or inside a butterfly 
package or a transistor outline (TO) can. While the first two options require to handle 
the electrical and optical interface in terms of electrical bondings and fiber alignment, a 
packaged version provides a plug & play solution for incorporating the amplifier 
directly into a test-bed. However, it should be noted that in the case of using the 
packaged SOA as intensity modulator, the electrical interface is not accessible for 
enhancing its electro-optical bandwidth so that the inherent modulation bandwidth 
depends on the quality of the bonding interface inside the package – which might be not 
always optimized for modulation purposes. On the contrary, devices that are shipped on 


















Fig. 3.3. (a) RSOA as chip-on-carrier with a dust cap of a fiber patch-cord next 
to it. (b) Example for a diffused resistor included on a chip carrier. 
 
Fig. 3.3(a) shows a RSOA as chip-on-carrier version and Fig. 3.4 a possible electrical 
interface for it. The chip is hereby bonded to a micro-strip line, which leads to a 
coplanar interface on the edge of the carrier. It is then supposed to provide three 
electrical connections to a printed circuit board, where one of them supplies the signal 
for the RSOA and the other two constitute a ground connection besides the signal line. 
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The carrier is fixed to the support by a thermo-conductive glue to enable the thermo-
element (TE), best in form of a Peltier element below the sub-mount of the carrier, to 
keep a constant temperature for the chip. For the case that the whole sub-mount has to 
be heated to cure the glue, care should be taken not to harm the electrical connection 
between the SOA chip and the carrier, which can be sensitive to high temperatures. A 
thermistor, usually with a negative temperature coefficient (NTC), should then be 
placed as close as possible to the carrier, e.g. with the help of some thermo-conductive 
but also isolating paste. The TE and the NTC are connected to a temperature controller 
(TEC) which provides the necessary control electronics. 
 Since the impedance of the SOA is much lower than the one of a 50 Ohm matched 
load as it is common for communication systems with high frequency electronics, 
impedance matching can be done by simply adding a series resistor with a value that 
corresponds to the mismatch (typically 39 to 42 Ohm). Important hereby is that this 
resistor does not introduce a parasitic capacitance or inductance since this will again 
limit the modulation bandwidth. Note that this matching resistor has to be placed as near 
as possible to the SOA chip. In some cases a diffused resistor is already added to the 
micro-strip line of the carrier, as shown in Fig. 3.3(b), so that no external resistor has to 
be added. The use of this resistor may indirectly cause heating of the chip due to the 
high currents that are typically needed for driving the SOA. 
 
Modulation bandwidths for data transmission of up to 2.5 Gb/s have been achieved in 






































Fig. 3.4. Electrical and thermal interface for a RSOA shipped as chip-on-
carrier, (a) scheme and (b) experimental realization. 
 
It is recommended to proof the electrical interface in its electrical reflections to 
determine eventual problems when being interfaced with radio frequency (RF) 
amplifiers. Since the SOA has to be also supplied with a constant DC bias current, the 
bias-T that is included in the electrical interface, best directly in front of the matching 
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resistor, should be also present during this measurement. The bias-T is normally 
inserted between RF driver and matching resistor to keep the distance between matching 
resistor and SOA chip as small as possible. In this way an enhanced ripple in the 
electro-optical response is avoided. 
 Fig. 3.5 shows a typical measurement for electrical reflections that derive from the 
interface of a RSOA in chip-on-carrier version. By adding the matching resistor, the 
reflections decrease by 10 dB and allow to connect the RSOA with a RF driver. The 
high frequency ripple that is present in the curve that refers to the case with matching 


























Fig. 3.5. Electrical reflection for a matched and mismatched RSOA interface. 
 
Packaged devices can be integrated together with means of thermal cooling as it is 
typically the case for devices that come in a butterfly package (Fig. 3.6). Since the space 
is limited inside the TO-can (Fig. 3.7), which is intended to be used in gadgets where 
small form-factors that come at reduced cost are necessary, this type of package comes 












Fig. 3.6. (a) SOA in a butterfly package and (b) Peltier element and thermistor 
inside a butterfly with a subminiature-A connector. 
 
 



















Fig. 3.7. Examples for TO-can RSOA devices: (a) without fiber-coupling, 
where the fiber comes from the view-plane, and (b) pigtailed version. 
 
While temperature instabilities cause small deviations in frequency-related optical 
parameters like a shift in the gain ripple, the more critical impacts affect the small signal 
gain and the electro-optical bandwidth of the SOA, which may both decrease with 
increasing chip temperature. 
 
The typical pinout of commercial SOAs that are shipped in a 14-pin butterfly package 
requires a connection between the TE (pins 1,14) and the thermistor (pins 2,5) with a 
TEC, and the anode and cathode SOA (pins 10,11) together with a probably present 
photo diode with a current controller, as it is sketched in Fig. 3.8. The whole butterfly 
package should then be mounted on a heatsink that can be a passive cooler in the 
simplest case. 
 Since there are several types of TO-cans with different number of pins, there is no 
common pin-out for this type of package. However, care should be also taken in the 






















Fig. 3.8. Schematic representation for the operation of a butterfly-packaged 
SOA. 
 
If the SOA is used as intensity modulator at high data rates, the pins of the butterfly 
package that lead to the SOA chip should be cut as short as possible to avoid an 
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3.4 Optical Properties and Characterization 
Before the dynamic behavior of the RSOA is investigated, its static properties are 
characterized to determine not only the spectral operation range but also the best 
operation point in terms of biasing. This includes the measurement of the ASE spectrum 
and imperfections such as gain ripple and polarization dependent gain (PDG). 
 With respect to gain modulation, the gain/current relation is explored to obtain the 
exact operation regimes of the RSOA such as transparency and saturation region. The 
borders of these regimes will determine the bias settings and the swing of the 
modulation current. Finally, the dependence of the gain bandwidth and the noise figure 
on the input power level is analyzed. 
 Most of the measurements reported in the following sections have been carried out 
with a buried-ridge RSOA that has an efficient current injection and a small 
confinement factor of Γ~20%. The latter allows to provide a relative low noise figure 
and a large optical bandwidth [49]. The InGaAsP active zone of the RSOA that was 
mounted as chip-on-carrier was grown using molecular beam epitaxy and the low 
optical confinement was achieved by surrounding the gain layer with confinement 
layers of InGaAsP with a larger band gap. 
 
 
3.4.1 ASE Spectrum and Gain Ripple 
The gain ripple gives an idea about the reflection at the facets of the semiconductor chip. 
Fabry-Pérot modes appear in the spectrum due to feedback that is provided in terms of 
reflections at the in- and output of the travelling-wave SOA. A detailed analysis will be 




























Fig. 3.9. ASE spectrum of an RSOA with high small signal gain. A reflection in 
the fiber pigtail causes a strong gain ripple. 
 
The reflections that influence the gain spectrum may not only derive from the facet of 
the SOA but also from the optics of the fiber-to-chip coupling such as the fiber pigtail. 
The ripple is therefore sometimes not uniform. Fig. 3.9 shows a typical ASE spectrum 
for a RSOA with a high small signal gain of 26 dB, where a residual reflection from a 
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fiber pigtail was present. As can be seen, a return loss of about -40 dB can already cause 
serious degradations in an originally smooth ASE spectrum. 
 As will be shown later in chapters V.2 and V.3, an artificially introduced gain ripple 
can be, together with means of wavelength stabilization of the data signal, beneficially 
used for demodulation purposes. 
 
 
3.4.2 Polarization Dependent Gain 
The polarization dependence of the small signal gain can vary with the device, 
depending on its design. The origin of PDG is the light-heavy hole transition split, 
which translates to a different response of the TM / TE mode due to different 
confinement factors. 
 While for low PDG devices values of <1 dB can be reached, the gain can differ in 
more than 10 dB between the TE- and TM-mode for SOAs with high PDG. 
 
 
3.4.3 Gain Saturation and Transparency Threshold 
SOAs suffer from a limited optical output power and low saturation power values when 
being compared with other optical amplifiers. As it is usual for amplifiers, a certain 
amount of pump has to be provided to drive the SOA, whose waveguide introduces 
some loss, into a transparent state. An important measure for the saturation and 
transparency of a SOA is its gain-current relation. 
 As can be seen in Fig. 3.10, the G/I curve, which is shown for a low input of -20 
dBm and a RSOA with a gain peak at 1565 nm, does not have a strict bend at the 
threshold region as it is the case for laser diodes. Note that in this and following 
measurements an optical spectrum analyzer was used, which allows to discriminate the 
signal from the noise background and thus avoids inaccuracies when working with 
small optical signals. 
 Three regions can be distinguished for the applied bias current: the threshold region 
where the RSOA becomes transparent and provides a small gain, the linear region 
where the differential gain dG/dI is constant, and the saturation region where the 
differential gain is not constant anymore and decreases with the applied bias current. 
 The transparency threshold current, defined for a gain of 0 dB, and the differential 
gain depend on the operating wavelength due to the material gain of the semiconductor 
chip that shows a spectral preference. For the application as intensity modulator, the 
RSOA current should be slightly above the threshold for the space bits while it should 
be as high as possible for the mark bits. Due to the spectral sensitivity of the 
transparency of the RSOA, the DC bias point has to be adjusted according to the 
operating wavelength to achieve an optimal extinction ratio (ER). 
 
 













































Fig. 3.10. Gain-current relation for a RSOA with an input power of -20 dBm. 
 
 
3.4.4 Gain Spectrum and Gain Bandwidth 
The spectral response of the gain depends on the spectra for the material gain and its 
loss and is seen as the average gain in the presence of a gain ripple. For the given RSOA, 
Fig. 3.11(a) shows the gain spectrum for different input power values and a fixed RSOA 
bias current of 100 mA. 
 The typical figure of merit for the spectral response of the gain is the small-signal 
gain bandwidth, which is typically measured within the wavelengths that correspond to 
a 3-dB compression, referenced to the peak gain. It is hereby important to recall that 
optical amplifiers suffer from saturation, which occurs for increased input power values. 
Considering an input of -15 dBm as small-signal operation, the 3-dB gain bandwidth is 
64 nm. Looking at high input power values, the obtained gain vanishes rather quickly 
with increased input power, while the gain spectrum flattens and leads to larger gain 
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Fig. 3.11. (a) Gain spectrum for a bias current of 100 mA and (b) behavior in 
the saturation regime for a wavelength of 1550 nm. 
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The behavior of the RSOA in terms of saturation is presented in Fig. 3.11(b), where the 
gain is shown as function of the input and output power, respectively, for an operating 
wavelength of 1550 nm and a RSOA bias current of 100 mA. 
 The 3-dB penalty of the small-signal gain is reached with an input power of -11.5 
dBm, which corresponds to an output power of 7.5 dBm. Note that this behavior can be 
advantageously used to erase fluctuations of the optical power in the input signals, e.g. 
when a data pattern is imprinted with not too high ER. 
 For the case that the inverse of the data rate is larger than the gain relaxation time, 
the RSOA is “fast” enough to follow the data pattern and the space bits can experience a 
higher gain than the mark bits. This mechanism of pattern suppression, which will also 
find application in chapters IV and VI.2, becomes interesting once the mark bits 
experience saturation, so that the difference in gain determines the reduction of the ER 
for the pattern. Fig. 3.11(b) shows an example where the input signal of the RSOA had 
an ER of 5 dB, which was reduced to below 0.5 dB when the average power of the input 
signal was above -6.5 dBm. However, it has to be noted that the noise figure is different 
for the residual mark and space bits, as will be discussed in the next section. 
 
 
3.4.5 Noise Figure 
SOAs have generally higher noise figures than fiber-based amplifiers. Typical values 
for the noise figure are 6 to 8 dB for SOAs and 8 to 10 dB for RSOAs. The exact 
performance depends on the design parameters of the semiconductor chip such as the 
confinement factor. 
 The impact of ASE noise generated by the SOA depends on the signal gain that is 
obtained when the signal passes the amplifier. Fig. 3.12 shows a typical dependence on 
the optical input power for the mentioned RSOA. According to the theoretical 
investigation in chapter II, two regions can be distinguished, showing a slight increase 
in the noise figure for too weak signals with power levels below -22 dBm, where the 
RSOA does not reach a high signal output due to a limited small signal gain while noise 

























Fig. 3.12. Noise figure for a bias current of 100 mA and a wavelength of 1550 
nm. 
 




It is therefore not necessarily preferred to have a high input power values as it is the 
case for fiber-based optical amplifiers that are in contrary capable to handle stronger 




Note. Although SOAs offer capabilities for optical signal processing and intensity 
modulation, they are less competitive when being used as optical amplifier and 
compared with other fiber-based solutions such as EDFAs or Raman amplification. On 
the other hand, since the gain spectrum can be modified easily by changing the design 
of the semiconductor material, SOAs can offer their capabilities in spectral regions that 
cannot be covered by fiber-based amplifiers due to the lack of suitable dopands. 
 
 (R)SOA EDFA Raman  
Gain moderate, >20 high, >30 moderate, >20 dB 
Response wide, 1280-1650 narrow, 1530-1620 wide, 1280-1650 nm 
Gain Bandwidth wide, 60 moderate, 30-60 pump dependent nm 
Sat. Output Power low, 15 high, 20 0.5 Pump dBm 
PDG present, 0.5 insensitive, 0 insensitive, 0 dB 
Noise Figure high, 6-10 low, 5 low, 5 dB 
Pump <400 mA 25 dBm >30 dBm  
Time Constant 0.2 ns 10 ms fs  
Size compact bulky bulky  
Gain Modulation yes, up to 7 GHz no no  




3.5 SOAs in Applications as Intensity Modulators 
Intensity modulation occurs by controlling the bias current of SOAs, which corresponds 
to the pump of the amplifier, and thus the gain. Since the dimensions of RSOAs are 
smaller, large electrodes as it is the case for SOAs and therefore large parasitic 
capacitances can be avoided. The reflective devices are therefore typically used as 
intensity modulators. 
 The figures of merit for this specific application of RSOAs are a large modulation 
bandwidth, as it is discussed in chapter II.3, and a high ER for the amplitude shift 
keying. Unfortunately, a natural trade-off between these two figures is given, since a 
high e/o bandwidth is typically reached only with a high bias current setting. 
 
 
3.5.1 Operational Bias Point 
The proper DC bias point is chosen in a way so that the electrical data signal, which is 
added via the bias-T, leads to a current slightly above the transparency threshold for the 
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spaces in the bit stream, and to a current which does not exceed the maximum rating of 
the SOA for the marks. In this way the ER of the output signal is maximized, which is 














Fig. 3.13. Bias point setting via the eye diagram: (a) optimum bias, (b) too 
high bias, (c) too low bias. The blue arrow on the left of indicates the 
reference level. (d) Eye distortion due to the saturation onset. 
 
However, when SOAs are used as modulators, the ER might not always be optimized 
since the transparency threshold is in general much smoother than for laser diodes. The 
optimum bias setting, shown in Fig. 3.13(a), corresponds then not only to a slightly 
asymmetrical eye diagram but has also a reduced ER that is nevertheless still above 6 
dB for typical components. A too high DC bias is visible due to the strongly reduced ER 
and the reduced eye height due to saturation of the mark level, as can be seen in Fig. 
3.13(b). On the other hand, if the bias is too low as in the case of Fig. 3.13(c), the eye is 
highly asymmetrical and problems in the rising edge appear due to the operation below 
the quasi-threshold level, though the ER would tend towards infinite. 
 Note that the bias current that corresponds to the marks in the bit stream has to be 
chosen according to the saturation characteristics of the SOA. If there is a strong gain 
saturation, it is visible in a broader rail in the mark level of the eye diagram as it is 
indicated in Fig. 3.13(d). This is due to the saturation onset that is passed when the 
current raises above the saturation knee of the gain-current relation. 
Considering operation in the linear regime of the SOA, the optical output power Pout 
contains the modulation of the electrical signal with power pRF that is imprinted on the 
continuous-wave optical input signal Pin according to  
 
( ) ( ) ( )out in dc pp
dG
















where Idc is the DC bias current and ipp the peak-to-peak modulation current that is 
applied to the SOA via a high frequency interface that is terminated for a 50 Ohm 
adaptation. Table 3.1 shows the conversion for recently used values. 
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Prf Prf Up-p Ip-p Prf Prf Up-p Ip-p Prf Prf Up-p Ip-p
dBm mW Vpp mApp dBm mW Vpp mApp dBm mW Vpp mApp
-30 0.001 0.02 0.4 -10 0.1 0.20 4.0 10 10 2.00 40.0
-29 0.001 0.02 0.4 -9 0.13 0.22 4.5 11 12.59 2.24 44.9
-28 0.002 0.03 0.5 -8 0.16 0.25 5.0 12 15.85 2.52 50.4
-27 0.002 0.03 0.6 -7 0.20 0.28 5.7 13 19.95 2.83 56.5
-26 0.003 0.03 0.6 -6 0.25 0.32 6.3 14 25.12 3.17 63.4
-25 0.003 0.04 0.7 -5 0.32 0.36 7.1 15 31.62 3.56 71.1
-24 0.004 0.04 0.8 -4 0.40 0.40 8.0 16 39.81 3.99 79.8
-23 0.005 0.04 0.9 -3 0.50 0.45 9.0 17 50.12 4.48 89.5
-22 0.006 0.05 1.0 -2 0.63 0.50 10.0 18 63.10 5.02 100.5
-21 0.008 0.06 1.1 -1 0.79 0.56 11.3 19 79.43 5.64 112.7
-20 0.010 0.06 1.3 0 1 0.63 12.6 20 100 6.32 126.5
-19 0.013 0.07 1.4 1 1.3 0.71 14.2 21 125.9 7.10 141.9
-18 0.016 0.08 1.6 2 1.6 0.80 15.9 22 158.5 7.96 159.2
-17 0.020 0.09 1.8 3 2.0 0.89 17.9 23 199.5 8.93 178.7
-16 0.025 0.10 2.0 4 2.5 1.00 20.0 24 251.2 10.02 200.5
-15 0.032 0.11 2.2 5 3.2 1.12 22.5 25 316.2 11.25 224.9
-14 0.040 0.13 2.5 6 4.0 1.26 25.2 26 398.1 12.62 252.4
-13 0.050 0.14 2.8 7 5.0 1.42 28.3 27 501.2 14.16 283.2
-12 0.063 0.16 3.2 8 6.3 1.59 31.8 28 631.0 15.89 317.7
-11 0.079 0.18 3.6 9 7.9 1.78 35.7 29 794.3 17.83 356.5
-10 0.100 0.20 4.0 10 10.0 2.00 40.0 30 1000.0 20.00 400.0  
Table 3.1. Conversion between RF power and voltage / current swing for a 
load of 50 Ohms. 
 
 
3.5.2 Electro-optical Response and Modulation Bandwidth 
As discussed in chapter II.3, the bias current and the optical input power have strong 
impact on the modulation bandwidth. Fig. 3.14 presents typical responses for a 
commercial TO-can RSOA that is not necessarily intended to be used as modulator. 
This RSOA experiences a tilt in the roll-off of the electro-optical response when the 
input power is increased from -15 to -10 dBm so that the 3-dB modulation bandwidth is 
extended from 450 to ~750 MHz, which would be already sufficient high for the 
application as 1 Gb/s intensity modulator. The chosen bias current is less critical for this 
specific device as can be seen for an increase of 20 mA that leads to just a small 
improvement, which also comes at the cost of an increased gain for the space bits and 
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Fig. 3.14. Electro-optical response for a commercial low-cost RSOA in a TO-
can package. 
 
The modulation bandwidth of the chip-on-carrier device that was characterized in its 
gain and noise figure in the previous section is shown in Fig. 3.15. The better RF 
interface allows an electro-optical 3-dB bandwidth of 2.5 GHz for the RSOA, when the 
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input power and the bias current are -15 dBm of 100 mA, respectively. The sub-mount 
of the semiconductor chip prevented a continuous roll-off up to ~7.2 GHz. With the 
insertion of a passive equalizer that consists of resistors and capacitors in the RF path at 
the input of the RSOA, the bandwidth can be extended to 7.2, 7.1 and 6.9 GHz for input 
power values of -15, -20 and -25 dBm. Fig. 3.15(a) depicts the simulated transfer 
function of the equalized RSOA that derives from its measured, unequalized response 
and the transfer function of the RC-equalizer, while Fig. 3.15(b) shows experimental 
measurements before and after equalization. The electrical losses that were caused by 
this filter were ~6 dB. 
 
EQ







































































































Fig. 3.15. (a) Simulated equalization through shown RC-circuit. (b) Electro-
optical response of the RSOA without (○ marker) and with passive RC-
equalizer for a bias current of 100 mA. The ●,■,▲ markers indicate an RSOA 
input power of -15, -20 and -25 dBm, respectively. (c) Passive RC-circuit that 
was used for pre-distortion. 
 
Note that the modulation bandwidth of this RSOA prototype is 5 to 10 times higher than 
the one of commercial devices. However, since the yield of RSOAs with high electro-
optical bandwidth is always limited for a run of new devices and no specific equalizers 
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can be placed for particular devices in commercial products, the nominal bandwidths 
are typically rated lower in terms of a guaranteed value. 
 
 Pin -15 dBm -20 dBm -25 dBm 
Ibias  fe/o ER fe/o ER fe/o ER 
85 mA 6.8 7.1 6.7 7.8 6.4 8.1 
100 mA 7.2 6.1 7.1 7.2 6.9 8.0 
120 mA 7.4 4.4 7.3 6.3 7.3 7.6 
Table 3.2. Electro-optical modulation bandwidth and ER of the RSOA. Values 
are shown in Decibels for the equalized RSOA at a wavelength of 1550 nm. 
 
With a bias of 100 mA and a peak-to-peak modulation current of 100 mApp at a data 
rate of 10 Gb/s, ERs of >6 dB can be obtained at 1550 nm (Table 3.2), except for the 
case where the gain becomes saturated due to a high input power. A further increase of 
the ER is prohibited by the demand for a high bandwidth. The dependence of the ER on 
the bias point is given by the transparency current Ith and the differential gain coefficient 
dG/dI, which can be derived from the gain-current relation and depend on the operating 
wavelength (Fig. 3.10). 
 A simple PON setup, presented in Fig. 3.16(a), was used to evaluate the applicability 
of the RSOA device under conditions of a high loss budget (i.e. a low input power into 
the RSOA for a moderate launch). The PON was constituted by a dual-feeder standard 
single mode fiber (SMF) of 10 km length, and an attenuator (AD) that emulates the loss 
of the power splitter that is typically placed in TDM- and hybrid PONs. Bidirectional 
transmission is supposed to take place on two different wavelengths as it is common for 
nowadays PON standards. Waveband splitters, here for separation of the C- and L-band, 
were therefore inserted at the OLT and the ONU. The launched power of the carrier at 
1550.92 nm that is used as seed for upstream modulation at the ONU was fixed to 3 
dBm at the OLT transmitter but could be in principle increased since Rayleigh 
backscattering is avoided with the dual-feeder configuration when no drop fiber is 
































































Fig. 3.16. (a) Experimental setup used for evaluating the applicability of the 
RSOA device in a dual-feeder fiber PON with high loss budget. (b) Definition 
of the loss budgets in case of the loop-back configuration with reflective, 
remotely seeded upstream modulator 
 
The RSOA was biased at 100 mA and modulated at 10 Gb/s with 100 mApp, according 
to its characterization. The pseudo-random bit sequence (PRBS) for the upstream was 
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chosen with lengths of 2
31
-1 and also 2
7
-1 to investigate the transmission performance 
of continuous data streams equivalent to GPON and EPON payloads. The OLT receiver 
comprised an EDFA with a noise figure of 4.7 dB, an optical band-pass filter (BPF) 
with a bandwidth of 100 GHz that was centered with respect to the upstream 
wavelength and an avalanche photo diode (APD). An attenuator (AR) was placed for 
evaluating the sensitivity of the upstream reception. For the downstream transmission, a 
Mach-Zehnder modulator (MZM) with an ER >10 dB was used after a laser diode. The 
data was modulated on a carrier at 1590 nm with 10 Gb/s and the launched power from 
the OLT transmitter was 0 dBm. 
 
The transmission performance for down- and upstream was evaluated in terms of bit 
error ratio (BER) measurements. This is a common practice that will be followed also in 
later experiments. The input power levels into the receivers of ONU and OLT are 
thereby varied with the help of attenuators (AD, AR) to evaluate the reception sensitivity 
for the two data streams at certain BER levels. As a figure of merit, the power margin is 
thereby defined as the difference between the delivered power at the receiver and the 
reception sensitivity. The available power is in turn given by the launched power at the 
down- and upstream transmitter, the loss budget of the PON and the amplification that 
is achieved in the fiber plant. 
 Two representative BER levels are typically considered: a BER of 10
-10
 that is 
supposed to be low enough to allow transmission without additional data encoding and 
proper operation of end-user applications, and a BER of 10
-4
, which enables 
transmission in conjunction with a Reed-Solomon (255,239) forward error correction 
(FEC) [148,149] as it is proposed for GPON systems. This in turn allows to define a 





which can be alternatively seen as an increase in the power margin for the case that FEC 
is incorporated in the electronics of the receiver. 
 
Three loss budgets have to be distinguished for a bidirectional transmission in a PON 
with separate wavelengths for down- and upstream and a remotely seeded reflective 
modulator, as it is introduced in Fig. 3.16(b). Next to the transmission budgets across 
the optical distribution network (ODN) that are given by the launch conditions at the 
transmitters of the OLT and the ONU and the sensitivities of the ONU and OLT 
receivers, the seed conditions of the RSOA can cause limitations to the overall PON 
budget. The three chosen input seed power values of -15, -20 and -25 dBm of the RSOA 
limit together with the given launch for the upstream wavelength at the OLT the PON 
budgets to 18, 23 and 28 dB (Table 3.3). The mentioned seed power values lead to ONU 
output power levels of 3.9, 2.6 and -0.3 dBm, and the corresponding OSNR values after 
upstream modulation are 34.7, 31.1 and 26 dB at the ONU output. 
 The sensitivity for the downstream was -24.1 and -24.5 dBm at a BER of 10
-10
 for 
the back-to-back case and with feeder fiber (Fig. 3.17). A loss budget of 24.5 dB can be 
covered, and could be improved with a higher launch from the OLT. Alternatively, the 
incorporation of FEC would improve the sensitivity by ~3.5 dB. 
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Fig. 3.17.  BER measurements at 10 Gb/s for down- (× markers) and 
upstream for the back-to-back case (dotted) and the presence of a feeder 
fiber (solid lines). Filled markers represent a PRBS of 2
31
-1 and hollow 
markers a PRBS 2
7
-1. The ●,■,▲ markers correspond to an RSOA seed 
of -15, -20 and -25 dBm, for which the insets show the eye diagrams for a 
present feeder fiber. 
 
For the upstream in the back-to-back case, the best performance is given for an RSOA 
seed of -20 dBm, which is supported by two aspects; First, the OSNR degrades for 
lower seeds at the RSOA, whereby not only at the amplification at the RSOA is 
responsible but also at the optical OLT receiver due to the higher loss budget in the 
transmission path that sets the lower seed. This noise degradation leads to an error floor 
above a BER of 10
-10
. Second, higher input power values for the RSOA induce transient 
distortions. The latter is visible in the patterning effects that translate to a penalty of 3.6 
dB for the PRBS of length 2
31
-1, compared to a word length of 2
7
-1. This penalty 
vanishes for a seed as low as -20 dBm (Fig. 3.17). The sensitivities for upstream 
reception at a BER of 10
-10
 and a PRBS length of 2
31
-1 are -25 and -30.6 dBm for 
RSOA seed values of -15 and -20 dBm, respectively. Despite the good upstream 
sensitivity, the loss budget is here limited by the seeding conditions of the RSOA and 
therefore to 18 and 23 dB. Upstream reception is possible for an RSOA seed of -25 
dBm with FEC, leading to a sensitivity of -30.1 dBm and therefore a budget of 28 dB 
would be compatible. 
 With the presence of the feeder fiber in the upstream transmission path, higher 
penalties than for the downstream are introduced. This stems from the higher chirp of 
the RSOA when compared to the negligible low one of the MZM. A multi-electrode 
RSOA design could be applied to reduce the influence of the chirp [146]. However, 
with the high gain of the RSOA the upstream loss budgets that can be covered are 27.2, 
26.5 and 22.8 dB for a PRBS length of 2
31
-1. The budget is therefore still limited by the 
seed conditions for an RSOA input power of -15 and -20 dBm. The high FEC gain for 
the upstream could lead to a covered budget of 35 dB for an RSOA seed of -20 dBm. 
 The loss budget is therefore limited by the upstream due to the seeding conditions of 
the RSOA. However, with stronger transmitters at the OLT, incorporating also booster 
amplifiers, more balanced budgets reaching up to the GPON class B+ or the 10G-EPON 
class PR20 could be obtained. 
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Pout,RSOA [dBm] 3.9 2.6 -0.3 
DS budget [dB] 24.1 27.6 24.1 27.6 24.1 27.6 
Seed budget [dB] 18 23 28 
US budget [dB] 27.2 35.3 26.5 35 - 22.8 
Table 3.3. Operational parameters and obtained loss budgets. 
 
This experimentally proof stresses the maturity of RSOA devices for 10 Gb/s 
modulation in PONs with high loss budgets [15]. Modulation with higher data rates 
often requires to take benefit of the additional phase modulation that SOAs are 
introducing when their bias current and therefore the carrier density and in turn the 
refractive index inside the active waveguide are changed. These chirp-managed 
transmission schemes [150] also require means of phase-to-amplitude conversion 
elements such as detuned optical filters, which introduce significant additional losses (in 
the order of ~7 to 10 dB) at the receiver. Therefore, if the RSOA has a sufficiently high 
modulation bandwidth, not only a simpler OLT receiver design but also a more cost-
efficient and less power consuming solution is given. 
 
 
3.5.3 Optical Response and Patterning 
As addressed in chapter II.4, the optical gain response is not completely flat for the 
signal spectrum so that especially lower spectral components are affected when the 
SOA is driven into saturation. 
 Fig. 3.18 shows the measured optical-optical response and the dependence of the 
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Fig. 3.18. Optical-optical response for different input power levels and bias 
currents. The insets show the cut-off frequency for the 1-dB deviation point 
(left) and the gain excursion at 300 MHz (right). 
 
Transient distortions in the eye diagram can appear due to a non-uniform response and 
can be reduced by means of gain clamping or operation of the SOA in a more linear 
regime. The first approach cannot only be achieved via an additional holding beam but 
also by an ASE noise background. This might be interesting in transmission links where 
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the SOA is fed by a weak signal so that the ASE from the SOA is overcasting the 
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27dB 25dB 22dB 20dB
 
(b) 
Fig. 3.19. (a) Relative overshoot in the mark level as function of the input 
OSNR of the SOA and (b) bit pattern for an input of -18 dBm for various 
OSNR values. 
 
Fig. 3.19 shows the relative overshoot in the mark level of a bit stream, referenced to 
the eye opening, as function of the OSNR at the input of the SOA. With decreased 




Modulating the SOA always results in chirping of the optical signal since the 
modulation of the bias current results in a carrier density variation and therefore in a 
modulation of the refractive index, leading also to phase modulation of the signal. The 
α-parameter determines the residual chirp after modulation and can be simply measured 
with a network analyzer [151]. The method is based on an investigation of the fiber 
transfer function for long link spans, which show dips in the response due to the 
interplay of chirp and fiber dispersion [152,153]. Alternatively, the chirp parameter of 
semiconductors could be also determined with an investigation of the optical output 




The weak interplay between chirp and fiber requires large amounts of accumulated 
dispersion for the accurate measurement of the chirp parameter. Link spans of 100 km 
or more are typically needed. For this reason EDFAs and optical filters have been 
therefore inserted between the chirped transmitter and the receiver to account for the 
link losses but do not distort the results due to their transparent nature. 
 The response of the fiber span is shown in Fig. 3.20 for a DML and a RSOA, 
respectively. As can be seen, the first dip appears at significantly lower frequencies for 
the RSOA, proving that the chirp parameter of this device is larger. While the response 
of the DML was acquired at a wavelength of 1545 nm and a link span of 100 km, the 
response of the RSOA was obtained at a wavelength of 1532 nm and a link span of 125 
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km. The bias point of the RSOA was chosen with 120 mA and -8 dBm for this 
measurement. An important point is not to use predistorting electrical filters that have a 
strong roll-off in their transfer function at higher frequencies since the overall transfer 
function of the transmission system will show severe distortions. 
 






















































Fig. 3.20. Small-signal response of the fiber for (a) the DML and (b) the 
RSOA. 
 
According to the frequency spacing of the dips in the fiber response, the dispersion of 
the fiber and the chirp parameter can be determined. The resonant frequency fi of the dip 



















This product of fiber length and the square of the resonant frequencies lead to a linear 
relation with the index of the dips, as can be seen in Fig. 3.21. This linear function is 
characterized by the constants k and d of equation 3.2, which are in turn determined by 
the dispersion of the fiber and the chirp parameter of the transmitter, respectively. 
 

























































































Fig. 3.21. Linear relation for the dips in the fiber response for (a) the DML and 
(b) the RSOA. 
 
The extracted dispersion and chirp parameter are shown in Fig. 3.22 and 3.23, 
 
Chapter III. A Practical Perspective of SOAs  82 
 
 
respectively. The deviation in the dispersion gives an idea about the accuracy of the 
accompanying chirp measurement, e.g. the first point of the RSOA curve will have to be 
excluded for the averaging. 
 



























































Fig. 3.22. Extracted dispersion coefficient of the fiber obtained via the 
interplay between chirp and dispersion for (a) the DML and (b) the RSOA. 
 






















































Fig. 3.23. Extracted chirp parameter for (a) the DML and (b) the RSOA. 
 
The averaged chirp parameter of DML and RSOA can be found with 2.21 and 10.12. 
 
 
3.6.2 Assistance for Transmission at Higher Data Rates 
The behavior of the chirp that is induced during modulation can be advantageously used 
in conjunction with spectral processing [72]. Since the instantaneous optical frequency 
for the signals of SOA-based modulators raises during the onset of the modulation and 
lowers during its offset, the rising and falling edges of a bit pattern are subject to 
increased and decreased optical frequency (i.e. a decreased and increased instantaneous 
wavelength), respectively. 
 By including a narrowband optical filter with steep transmission edges (e.g. included 
at the optical receiver of the transmission system), this change in the optical frequency 
can be transferred into an amplitude change, though the spectral placement of the signal 
inside the filter transmission function will in general cause some insertion losses for the 
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pass through this pulse-reformatting optical filter. For the case that the filter is properly 
blue-shifted towards the signal, the rising bit edges experience less insertion loss while 
the falling edges experience additional loss according to the steep transmission function 
of the filter. 
 This means an increase in electro-optical bandwidth when being translated into the 
modulation capabilities of a SOA, as can be seen in Fig. 3.24 for a RSOA with a chirp 
of ~9 and an initially reduced modulation bandwidth of ~2.8 GHz after equalization of 
its electro-optical response with a passive predistorting filter. 
 The shift in the peak for the detuned optical filter (FD in Fig. 3.24) can be explained 
by the response for the phase modulation of a SOA, which has a resonance peak that is 
located at a higher frequency than for intensity modulation. Note that the electro-optical 
response with detuned filter would have to be equalized to cut the peak in the region 























































Fig. 3.24. (a) Electro-optical response of a low-bandwidth RSOA in normal 
operation (NO) with direct modulation, simple electronic equalization (EQ) of 
its intrinsic response and chirp-assisted modulation bandwidth enhancement 
in conjunction with a detuned optical filter (FD), whose relative transmission 
function that is referenced to its nominal insertion loss is shown in (b). 
 
Finally, it shall be noted that the behavior of chirping depends on the type of transmitter. 
While LiNbO3 -based Mach-Zehnder intensity modulators do not suffer from any 
chirping, so that the spectral width δλM of the data signal at λsig corresponds to the 
accumulated width of both modulation sidebands, the spectral broadening for InP-based 
modulators differs. 
 DMLs for example show adiabatic and transient chirping, which result in two 
different spectral components for the mark and space bits at λ1 and λ0, as indicated in 
Fig. 3.25. The difference in the peak power of these two spectral components 
corresponds to the ER due to data modulation. As it is obvious, this typically low ER 
can be enhanced by filtering the spectral tributary of the space bits at λ0 [155]. Such 
chirp managed transmission with DMLs has been demonstrated up to 40 Gb/s [156]. 
 On the contrary to DMLs, SOA-based modulators show mainly transient chirping, 
which leads to a broadening of the signal without significant displacement from its 
nominal wavelength λsig. The rising and falling edges in the bit pattern are lurking in the 
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lower and upper wavelength components of the signal spectrum, respectively. As 
mentioned earlier, this circumstance can be advantageously used to enhance the 





















Fig. 3.25. Exemplified spectra for data signals modulated by MZM-, DML- and 
SOA-based transmitters. Adiabatic and transient chirping manifest themselves 





on a Single Wavelength 
 
The following chapter is devoted to cost-efficient bidirectional data transmission in 
extended reach PONs. Focus is given on strategies for the implementation of full-duplex 
data delivery by using foremost the simple ASK modulation format, which does not 
require photonic integrated demodulators or filters as discriminators. As a next step, 
chapter V will contrast the results presented in this chapter with possibilities to apply 





It is not always acceptable to use two wavelengths for down- and upstream transmission, 
as it was presented in the previous chapter. Especially in PONs that require optical 
repeaters to overcome high loss budgets in the light path, the re-use of a single 
wavelength for full-duplex transmission guarantees low Capex since no extra amplifiers 
for a second optical carrier have to be used and the fiber plant can be shared among a 
higher number of users due to a higher spectral efficiency. 
 Additionally, the subsystems of the PON, which are determined in their design also 
by the chosen modulation format, will have significant impact on cost issues, especially 
if they require complexity at the ONU. ASK can provide a trade-off between the 
deployment of simple receivers and transmitters and the non-orthogonality between the 
bidirectional data streams, which will cause severe crosstalk and penalties of their 
transmission performance. 
 The different techniques that can achieve the goal of wavelength re-cycling are 
highlighted in their performance and induced complexity in the next sections, starting 
with an analytical estimation of the introduced penalties, followed by an evaluation of 
the intrinsic pattern suppression thanks to the gain saturation of a SOA and more 
advanced electrical and optical techniques for downstream cancellation. 
 Finally, additional aspects such as light backscattering in fibers and their impact on 
wavelength reuse are addressed. 
 




4.2 Wavelength Reuse in Bidirectional Transmission 
The basic idea of wavelength re-utilization is to recover a suitable optical carrier out of 
the downstream signal before upstream modulation takes place (Fig. 4.1). Since the 
downstream reception is subject of the ONU, this recovery of the upstream carrier 
cannot be performed before the signal reaches the ONU as the downstream information 
has to be kept till it is properly received. An exception would be a spectral displacement 
of the upstream carrier from the downstream wavelength so that both signals can be 
distinguished by a colorless splitter at the ONU, thus avoiding any complexity at the 
customer premises. However, such a wavelength conversion technique typically affords 
electrically powered components or strong pump signals for nonlinear effects in passive 
elements such as specialized fibers. For this reason such an approach of generation a 
second wavelength at the fully passive network nodes in the fiber plant of the PON is 
not considered here. Though wavelength conversion at the OLT itself would be 
possible, it is against the primary requirement of having just a single wavelength till the 















Fig. 4.1. Incorporation of a downstream cancellation technique at the ONU to 
recover an optical seed for the upstream transmission. 
 
Naturally, the technique applied for carrier recovery will have some imperfections so 
that its efficiency becomes an important parameter. This efficiency is here referred to as 
the ability to suppress a present patterning in its modulation swing and therefore the 
carrier recovery is referred to as the downstream cancellation. The following sections 
will evaluate the efficiency of different cancellation techniques and analyze the intrinsic 
limitations. 
 Note that due to the full-duplex ASK transmission the downstream will be in general 
modulated with reduced modulation index (i.e. extinction). This can ease the recovery 
process for an optical upstream carrier. The optimum ER for the downstream will 
thereby depend on the efficiency of the cancellation technique and the performance of 
the downstream reception, which is affected negatively for reduced modulation indices. 
 Note also that the term “carrier recovery” does not necessarily translate to the 
formation of an unpatterned, smooth optical signal as it will be discussed in chapters 
IV.3-IV.5. An alternative approach is to obtain optical pulses as seed for the upstream 
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transmitter by using optical means of clock recovery. This approach also relaxes the 
requirements of the upstream modulator such as the electro-optical bandwidth and will 
be presented in chapter IV.6. 
 
The efficiency of the cancellation will translate into residual patterning from the ASK 
downstream, which will cause crosstalk into the ASK upstream. This in turn will reduce 
the power margins for the transmission inside the PON or introduce error floors in the 
worst cases. For this reason the upstream transmission, which is typically performed at 
lower data rate than the downstream, can become the more critical data stream for the 
case of full-duplex transmission. 
 The penalties for the down- and upstream reception that are induced by a reduced ER 
or an imperfect downstream cancellation technique can be analytically evaluated as 
follows. 
 
The downstream penalty ξDS is a consequence of the reduced eye opening. A given 
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will lead to an optical downstream pattern pDS in the form of 
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where πDS is the logical downstream bit pattern comprising of logical 0- and 1-bits. The 
optical eye height that corresponds to the amplitude ADS of the downstream is related to 
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The definition of the Q factor includes the averages of the detected photo currents I1 and 
I0 for the mark and space bit level, respectively, and their noise variances σ1 and σ0 
caused by thermal, shot and Rayleigh beat noise. The photo currents Ii are related to the 
optical power levels Pi via the responsivity S of the photo detector, which is in turn 





























In above equation, e stands for the elementary charge, h for the Planck constant and ν 
for the optical frequency of the incident signal. 
 The Q factor and the average optical power Ps that is required for the reception with 
this certain Q factor can be found with equations 4.5 and 4.7. Both are determined by 
ERDS according to 
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The penalty ξDS for the downstream reception corresponds to the extra amount of optical 
power needed to obtain the same Q factor that would be given for an infinite ERDS – 
which reflects the optimal case of downstream transmission. Its logarithmic value can 



















In case of the transmission of an upstream bit pattern πUS, this present downstream 
modulation has to be taken into account as distortion. The upstream transmitter is 
assumed to be an intensity modulator with reduced modulation index, which is 
accounted by the limited ERUS. Although the extinction of the space bits could be 
infinite for the upstream, the practical realization of the low-cost modulator does 
typically not achieve a high ERUS. For this reason next-generation PON (NG-PON) 
standards define a minimum ERUS of 6 dB [39]. 
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according to the upstream bit pattern πUS. This upstream pattern is a multi-level intensity 
modulated signal. It is supposed that an additionally included downstream cancellation 
technique is able to reduce the amplitude ADS of the downstream significantly to a 
portion ADS,res. 
 
89  Chapter IV. Full-Duplex ASK on a Single Wavelength 
   
This remaining magnitude of the downstream pattern will cause a distortion IDS,res for 
the upstream reception that depends on the electrical reception bandwidth Bel. The 
electrical spectrum Θ of the downstream and therefore the downstream data rate will 
have significant influence on the induced distortion.  
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The remaining downstream pattern is treated as additional Gaussian noise contribution 
χ, which is an acceptable approximation [157]. 
 Due to the relative high ERUS the noise contribution χ to the mark bits will dominate 
so that no extra contribution for the standard deviation σ0 is included for the sake of 
simplicity. For the mark level the deviation σ1 broadens to 
 
2
1 1σ σ χ= +ɶ  (4.13) 
 
The required average input for the upstream reception differs from the ideal sensitivity 
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Expressing this difference in terms of a reception penalty ξUS for the upstream 
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and with the assumption that the contributions from thermal and shot noise are 
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For the more realistic case of having a limited modulation index for the upstream 
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The magnitude of the reception penalty ξUS will depend not only on the chosen 
modulation index for the downstream, which translates to the additional noise 
contribution χ, but can also be subject of certain parameters that are related to the 
technique itself, such as the electro-optical modulation bandwidth of the upstream 
transmitter. 
 Fig. 4.2 shows the penalties as function of the ERs for down- and upstream and the 
unsuppressed downstream pattern. The downstream suffers from a penalty of 4.8 dB 
once its ER is reduced to 3 dB. For the upstream reception the penalty stays below 5 dB 
for a typical upstream ER of 6 dB if there is no significant downstream that causes 
crosstalk, but raises to values of 10 dB and more if the downstream data survives its 
cancellation. 
 






































Fig. 4.2. (a) Downstream and (b) upstream penalty in reception sensitivity as 
function of the ER for the data stream and the remaining downstream pattern, 
respectively. 
 
Full-duplex transmission with the simple ASK modulation format suffers therefore not 
only from crosstalk of the downstream information into the upstream channel, but 
requires to further adapt the downstream in its magnitude. For this reason a trade-off 




Note. All these aforementioned penalties can be avoided by a dual wavelength scheme 
that allocates the down- and upstream to two particular optical carriers in two different 
wavebands. The idea is then to split and combine these wavelengths with a red/blue 
waveband splitter, which is compatible with a colorless ONU design. At which extra 
cost this “ideal” transmission for down- and upstream is purchased, will be addressed 
briefly in the following case study [158]. 
A hybrid ring+tree PON with extended reach can achieve full-duplex operation by 
dedicating different wavebands (C and L or vice versa) for down- and upstream. In the 
presented case, two wavelengths at 1560.61 and 1586.2 nm were used for symmetrical 
transmission at 10 Gb/s. While the downstream is sent from the OLT together with an 
unmodulated carrier in the second waveband, the ONU takes advantage of this optical 
carrier to imprint its upstream information onto it without suffering from a 
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remodulation penalty. Colorless operation is guaranteed since the two signals can be 
split with a simple C/L separator. A combination of commercially available SOA and 





















































































































Dispersion compensating fibers at the OLT and also optical amplification in the fiber 
plant are required due to the ring length of 50 km and the tree split of 1:32. In this 
scenario of having a hybrid PON this amplifier is nested in the remote node, which is 
responsible for dropping wavelengths from the ring to its trees. Due to the dual 
wavelength feed for the ONU the 
complexity of this network node, 
which has to be placed on several 
locations along the ring, raises 
significantly. The reason for this 
can be found in the gain spectrum 
of rare-earth doped fibers, which 
is limited in its gain bandwidth. 
This implies that just a reduced 
number of wavelengths can be 
amplified if the gain spectrum has 
to be divided into a red and a blue window, according to the chosen wavelength 
allocation. Two different Erbium-doped fibers dedicated to C- and L-band were 
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With the proper power budget and a net gain of ~10 dB for the remote node, the 
transmission results show no problems in terms of high error floors for neither the C- 
nor the L-band wavelength. Power margins of 5 to 10 dB have been obtained for down- 
and upstream, whereby the downstream has been shown up to be more critical. With the 
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L-band in which sufficient gain can be provided for the given power margins, a PON 
with data transmission on 32 wavelengths in each waveband can be considered, serving 
with the use of a splitting ratio of 1:32 in the tree altogether 1024 users with a full-
duplex data transmission of 10 Gb/s. Together with the nominal reach of 56 km for the 
PON, a capacity-length product of 17.9 Tb/s km is provided. 
What is left is to assess possibilities to reduce the complexity of this PON, which will be 
addressed in this chapter in terms of employing downstream cancellation techniques for 




4.3 Gain Saturation of a SOA 
The simplest technique for the desired downstream pattern suppression is to exploit the 
natural gain saturation effect of SOAs [Takesue06]. If a RSOA is used as upstream 
transmitter, this technique comes at zero cost and is therefore beneficial. However, gain 
saturation typically requires strong input signals. Alternatively, the RSOA could be 
designed with a low saturation output power. This in turn would also mean that the 
launched upstream signal is weak and would limit the optical loss budget for the 
upstream due to the reflective transmission scheme. Since high loss budgets are always 
present in PONs with extended reach and high customer density, the second approach 
with reduced saturation output power is not considered here. Instead, the limitations 
have been assessed with device parameters of commercial SOA elements that offer 
saturation output power values well above 0 dBm. 
 Experimental applications can be found in [130,159-160]. Although the gain 
saturation effect is not considered as cancellation technique for long reach PONs due to 
the in general low input power of the ONU, a downstream cancellation technique that is 
solely based on the optical gain saturation will be used in the later sections as reference 
for comparison of more advanced cancellation techniques. 
 
 
4.3.1 Natural Suppression of Bit Patterns due to Gain Saturation 
The fast gain recovery of SOAs enables the suppression of bit patterns with data rates 
that are used in typical access applications. Since the gain is quick enough to follow the 
downstream pattern, the mark and space bits experience a different gain, whereby the 
gain of the space bits is higher if the SOA is operated in its saturation. The ER at the 










= =  (4.19) 
 
where Pi,out and Pi,in are the power levels for the different bit levels at the output and 
input of the SOA, respectively. According to equation 4.2 and 4.5, the input power 
levels can be expressed as 
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The gain Gi of the saturated SOA for the particular bit levels is determined by the 
constant output saturation power Psat,out. Not only the signal but also the noise Nin at the 
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Although the noise levels for mark and space bits would be different due to the fast 
response of the SOA, the noise is treated here as an average value that experiences 
average gain. According to this, the noise power is derived from the average input 
signal power, to which it is related with the OSNR. 
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The ratio ε is below unity for several values of the input ER and OSNR, and decreases 
strongly for higher ERin, meaning a strong compression of the downstream bit pattern. 
  
 
Fig. 4.3. Reduction of the ER of a bit pattern due to gain saturation in a SOA, 
shown as function of the initial ER and the OSNR. 
 
As can be further seen in Fig. 4.3, the dependence on the input OSNR is quite weak for 
values of >20 dB. Such high OSNR levels are common for PONs with reflective ONUs, 
as will be confirmed later but can be already expected from the case study of the dual 
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wavelength feed that was presented previously in chapter IV.2, in which the delivered 
OSNR to the ONU was 40 dB. 
 Note that the induced compression of the modulation of a data stream in SOA 
elements has two aspects, which affect the data transmission not only positively: 
 In the case of the downstream, the data pattern is partially erased in the SOA 
before it is remodulated with upstream, as it is desired. This supports the 
process of downstream cancellation in further more complex approaches in a 
positive way.  
 For the upstream, which is of course also affected, a high ER, which can be 
provided with specific modulators such as EAMs and is typically in the order 
of up to 20 dB, will be worsened by passing a SOA that is used as common 
preamplifier and booster at the ONU. 
 
An analytical investigation of the residual downstream ER, obtained via the static model 
for the SOA that was presented in chapter II.2, is shown in Fig. 4.4 for different input 
power values and bias currents of the SOA. A downstream ER of 6 dB was considered 
for the first case and an upstream with an ER of 20 dB for the second. These values are 
reasonable when considering an application where the downstream is modulated with 
reduced extinction to allow for remodulation with upstream, and the mentioned 
compression of an ideal upstream modulation with high ER. 
 A SOA bias current of 100 mA leads to a compression of the downstream to an ER 
of 3 dB once the input power for the marks in the data stream reaches a level of -12.5 
dBm. The compression is pronounced for the case of the high upstream ER since the 
difference in the power levels for space and mark bits is bigger. For the same bias 






Fig. 4.4. Remaining extinction of a bit pattern after optical gain saturation in a 
SOA for different bias currents and input power values for the case of (a) the 
downstream with an ER of 6 dB and (b) the upstream with an ER of 20 dB. 
 
In case of having a RSOA, Fig. 4.5 shows that a present pattern is removed earlier in 
terms of lower input power values. A bit stream with an initial ER of 6 dB looses 3 dB 
already at an input power of -15.7 dBm for the same bias current of 100 mA. This can 
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be an advantage for the case of downstream cancellation where only an RSOA is used 






Fig. 4.5. Remaining extinction of a bit pattern after experiencing optical gain 




Note. A cascade of SOA and REAM, where the SOA is used as preamplifier and booster 
while the EAM imprints the upstream data onto the optical carrier can be already seen 
as implementation in Fig. 4.1. In this case the SOA acts as carrier recovery by 
exploiting its gain saturation effect. 
The different power levels along the transmission path are plotted in the figure below as 
function of different optical power in the mark bits for different bit combination of 
transmitted data in downstream (‘0d’,’1d’) and upstream direction (‘0u’,’1u’). 
According to the reflective upstream transmitter, the SOA is passed twice and erases the 
downstream as well as part of the upstream pattern. The downstream ER is here chosen 
to be 6 dB and the SOA model previously introduced was used with a fixed bias current 
of 100 mA. The EAM was treated ideally but with an insertion loss (ILeam) of 10 dB. The 




It is obvious that after the first pass through the SOA, the downstream pattern is 
removed, which corresponds to the shrinking difference in power for the solid green 
and blue lines. As there is no kind of saturation in the EAM, the remodulated data 
(dotted lines) are shifted by either the insertion loss of the EAM for marks in the 
upstream data and also the extinction for the space bits. At the upstream receiver the 
extinction is kept for very low input power values, as it can be seen for the remaining 
extinction ERup,rx0d when a space bit was sent in the downstream. For an input power of 
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0 dBm not only the downstream ER is drastically removed but also the upstream 
(dashed curves) suffers from optical gain saturation and what remains from its initial 
ER of 20 dB are just 10.5 dB. 
The overall noise figure for this cascade of SOA and REAM can be determined by the 









= +  (4.25) 
 
Taking the bidirectional pass through the SOA and the losses of the EAM into account, 
this formula has to be modified to include another stage with a gain that is related to 
the insertion loss and an appropriate noise figure that equals these losses via 
 









= + +  (4.27) 
 
The noise that is added to the downstream is the dominating one as this first pass 
through the amplifier sees the SOA as a front-end. The minimum in the noise figure of 
the SOA for a moderate input power level, which was also experienced in the analytical 
model in chapter II.2, is also pronounced in the overall noise figure (see figure above). 
Strong degradation takes especially place in the region where a strong downstream is 
received by the SOA. The shift in optical power between the dotted curves for a space 
bit in the downstream and the solid curves that correspond to a mark bit in the 
downstream arises from the simple fact that the axis is referenced to the power in the 
mark bits. For this reason the optimum point with minimal noise figure is achieved at a 
higher optical power level for the space bits since the downstream ER has to be 
subtracted from the shown curves to have the real value of optical power in the mark 
bits. Due to the statistical distribution of mark and space bits, the mean of both sets of 




According to the obtained residual downstream pattern, the optimum downstream ER 
for applications in optical access networks can be chosen. 
 
 
4.3.2 Selection of the Optimum Modulation Index 
The preferred condition for optimization of the downstream extinction ERDS is given 
when the power margins for down- and upstream transmission are balanced and 
maximized. This can be expressed with 
 
, . . , , .
max
DS DS US
DS DS US USCR ER opt CRopt CR ER ER opt
PB S PB S− + − =  (4.28) 
and 
!
, . . , , .DS DS US
DS DS US USCR ER opt CRopt CR ER ER opt
PB S PB S− = −  (4.29) 
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where PBDS and PBUS are the power budgets for downstream and upstream, respectively, 
and CR is the coupling ratio of the optical coupler that splits the signal at the ONU for 
downstream detection and upstream modulation according to Fig. 4.1. Before above 
conditions are explained, a discussion on the variables and parameters is given. 
 The power budgets are given by the amplification and the losses inside the access 
network. The power budget PBDS for the downstream is defined as the input power 
levels into the ONU that can be reached according to the optical losses in the network. 
Accordingly, the power budget PBUS for the upstream corresponds to the input power 
level into the OLT in upstream direction. As the power budget represents an average 
power level, it is assumed that there is no strong dependence on the ER of the 
downstream and upstream around the point of optimization. 
 The power budget PBUS for the upstream depends also on the CR since it cannot be 
assumed that a consecutive amplifier in the ONU or in the overall network is operated 
in saturation so that a limiting function for the optical power flow is given somewhere 
inside the ONU or the network during upstream transmission. 
 The reception sensitivity SDS for the downstream is defined as the input power level 
into the ONU that is required to have a certain defined BER for the downstream 
reception. A typical value for the BER that is also recommended for GPON is 10
-10
, 
meaning 1 bit error in a data stream consisting of 10
10
 bits. The BER is defined as the 
ratio of bit errors detected in a bit stream with arbitrary data rate. Accordingly, the 
sensitivity SUS of the upstream is defined as the input power level into the OLT that is 
necessary to have a certain defined BER for the upstream reception. The BER used for 
defining the sensitivities for downstream and upstream reception do not have to be the 
same. It is generally possible to use error correcting codes such as FEC in one 
transmission direction, which then allows high quality transmission for a higher BER as 
mentioned in chapter III.5. 
 The sensitivity SDS will depend on the CR and the ERDS since these two parameters 
will define the ratio of coupled input power into the photo detector, which leads to a 
lower BER for higher input power (i.e. a higher CR). 
 The sensitivity SUS depends in general on the CR, the ERDS and the ERUS. A higher 
CR leads now to a reduced optical power level towards the upstream modulator 
according to the definition of the ratio CR. The upstream modulator may include means 
of optical amplification and therefore a reduced OSNR results for a lower input power. 
Supposing that the optical downstream cancellation worsens for a higher ERDS, an 
increasing ERDS will lead to a higher amount of unsuppressed downstream patterning 
and therefore to a worse sensitivity SUS. Finally, the ERUS will define the eye opening 
for the upstream and accordingly a limited ERUS will cause a worse sensitivity SUS 
compared to the ideal case with an infinite ERUS. 
 The power margin for the downstream and the upstream is defined as the difference 
between the power budget and the sensitivity and is related to a certain BER as also the 
corresponding sensitivity is. Optimum selection of the ERDS is given when the sum of 
the power margins for down- and upstream is maximized, leading to optimum 
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robustness against additional losses in the access network, whereby the power margins 
for down- and upstream are equal. In this optimal case, the loss budget that can be 
overcome is maximized. 
 The two conditions expressed in equations 4.28 and 4.29 lead to a set of optimized 
parameters for the CR, the ERDS and the ERUS, which may in turn reflect physical 
parameters at corresponding subsystems and components of the OLT and the ONU. 
Examples are the bias points of the down- and upstream intensity modulators or design 
parameters for the optical coupler inside the ONU. The optimization is given for a 
certain architecture of the access network and the OLT and ONU design, and is 
generally not subject for adaptation during the operation of the network. However, 
considering a hybrid WDM/TDM network, the parameters of optimization may differ 
for the different TDM trees inside the network. Due to the demand of deploying 
identical ONUs across the whole network, the parameters of the latter have to be 
defined in terms of maxima and minima for its single sections such as the trunk or drop 
fiber length or tree split. The optimization has then to be made according to an average 
optimum performance for all ONUs of the network. 
 
 
4.4 Electrical Feed-Forward Downstream Cancellation 
An efficient suppression of the downstream pattern even for weak input power levels at 
the ONU can be provided with a scheme where the downstream is actively erased. The 
upstream modulator can exploit thereby its ability of gain or loss modulation. 
 
 
4.4.1 Functional Scheme of Operation 
The principle for the cancellation relies on the synchronized gain or loss modulation of 
the RSOA or REAM that is used as upstream modulator with the detected downstream 
data, as it is shown in Fig. 4.6. This technique is therefore based on signal manipulation 
in the electrical domain: the detected signal is fed forward to the remodulating device, 
which is assumed to be an intensity or loss modulator by its nature, to counteract the 
pattern that is present on the optical carrier. The level of the mark bits is brought to the 
lower one of the space bits or vice versa. A flat optical carrier suitable to embed the 
upstream is recreated from the optical downstream signal only if the time delay and the 
magnitude of the detected electrical downstream signal are adjusted according to the 
incident seed of the upstream modulator by electrical means. The upstream modulator is 
simultaneously used for its original purpose, namely the upstream transmission. First 
results of such an approach have been shown at low data rates [161-163]. 
 The conditions of having matched magnitudes and path lengths for the electrical and 
optical downstream signal after detection and before entering the upstream modulator, 
respectively, can be satisfied with appropriate RF amplifiers and electrical as well as 
optical delay lines (DL). The latter is mandatory due to the accumulated delay in the 
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electrical feed-forward path. Typically a sensitive photo detector such as an APD will 
be used since low ONU input power values are desired and therefore not compatible 






Fig. 4.6. Functional scheme for a downstream cancellation obtained via an 
electrical feed-forward approach with an ONU based on (a) a RSOA and (b) 
an integrated combination of SOA and REAM as upstream modulator. 
 
The polarity of the feed-forward signal has to be chosen in accordance with the physical 
method on which the modulation in the SOA and the EAM relies upon. Since the SOA 
features gain modulation, an inverter for the detected downstream will be required to 
achieve the desired cancellation effect. 
 The limited electro-optical response of the RSOA can be partially compensated with 
an additional pre-equalization of the forwarded electrical downstream signal [161], 
which is symbolized by the derivative function in Fig. 4.6(a). This can be interesting for 
access networks with asymmetrical data rates for down- and upstream since the 
upstream transmitter is then typically designed to accommodate only for the lower 
upstream bit rate. However, for the purpose of cancellation the upstream modulator does 
not have to account for the whole downstream bandwidth since spectral parts of the 
downstream can be rejected with an electrical low-pass filter at the OLT receiver as will 





The method of feed-forward downstream suppression can be analytically expressed in 
the linear operation range of the SOA where the output power Pout follows the input 
signal Pin according to 
 
( )out in bias thres
dG
P P I I
dI
= −  (4.30) 
 
considering Ithres as the quasi-threshold current of the SOA. Gain saturation effects that 
are compressing the downstream modulation are not considered here. 
 The bias current Ibias is composed by the modulation Imod with the upstream signal 
πUS and the detected downstream signal πDS that is fed forward with the magnitude Iff to 
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the SOA. In addition, a DC bias Idc is applied to compensate for the threshold in the 
gain-current relation. 
 
( ) I ( )bias ff DS mod US dcI I t t Iπ π= + +  (4.31) 
 
The downstream signal that is obtained by the photo detector is thereby inverted 
according to the gain modulation of the SOA. With equation 4.3, the input power is 
patterned according to the downstream data and the output of the SOA follows 
accordingly with 
 
( )0 1 1 ( )in DS DSP P ER tπ= + −    (4.32) 
 
( )( )
( ) ( )
0 0
0
( ) ( ) 1 ( )
1 ( ) 1
out US mod ff DS mod DS DS
dc thres DS DS
dG dG
P t P I P I t I ER t
dI dI
dG





= + + − +  
− − +  
 (4.33) 
 
Neglecting the issues for matching the optical and electrical path length, two 











With these the output power becomes 
 
0 ( )out mod US
dG
P P I t
dI
π=  (4.35) 
 
as it is intended for a SOA that is used as intensity modulator in its linear regime, with 
the difference that some optical power of the input signal is wasted. 
 
The analytical expressions for the cancellation with the EAM follow a similar way, 
whereby the output power for the EAM is given by the differential loss coefficient 
da/dV according to 
 
( )out in knee bias
da
P P V V
dV
= −  (4.36) 
 
where Vknee is the (negative) knee voltage from which onwards the EAM behaves as a 
linear loss element and Vbias is the (negative) bias voltage. The latter is composed by a 
DC voltage, the upstream modulation and the feed-forward signal for the cancellation. 
 The output signal of the EAM is then given by 
 
( )( )
( ) ( )
0 0
0
( ) ( ) 1 ( )
1 ( ) 1
out US mod ff DS mod DS DS
knee dc DS DS
da da
P t P V P V t V ER t
dV dV
da





= − − + − +  
− − +  
 (4.37) 
 
and the conditions for the downstream cancellation are 
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so that the output signal is just determined by the upstream modulation πUS and free of 
any downstream patterning πDS. 
 
( )0 ( )out mod US
da
P P V t
dV
π= −  (4.39) 
 
 
Linearity of the Upstream Transmitter 
 
When multi-level intensity modulation signals are used for the downstream, the 
upstream transmitter has to be linear in a wide range of its electrical input. This can be a 
problem, especially for EAMs, since the transmission function of such modulators is 
highly nonlinear for low and high bias voltages. The typical transfer function of an 
EAM follows the applied bias voltage Vbias according to 
 










 = − − + 
   
 (4.40) 
 
where εmin is the minimum extinction and Va and α are fitting parameters. A desired 
transmission function Team would follow a linear behavior for its input voltage Vin with 
 
!
( ) exp biaseam bias in
a
V
T V kV d
V
α  
 ∝ − = + 
   
 (4.41) 
 
where k and d are the parameters for the linear relation between Vin and Team. A non-
linear function is required at the input of the EAM to obtain this relation via a 
predistortion of the electrical driving signal. This desired function between input 





lnbias a inV V kV d
α= − +    (4.42) 
 
The exact realization of this non-linear function that includes the natural logarithm is 
not further addressed here but could be in principle achieved with circuits that include 















=  (4.43) 
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where Is is the reverse diode current, n is the emission coefficient that is typical unity 
for low currents and UT is the thermal voltage which is around 25 mV/K. A logarithmic 












An example of linearization is given in Fig. 4.7 for the case of having an EAM that fits 
to the parameters of εmin = -20 dB, Va = -1.1V and α = 2. In this case, the term inside the 
exponential function in equation 4.40 is squared, so that a square root function is 
required for linearization. This non-linear function has been already demonstrated as 
integrated electronic element [164]. 
 


























































Fig. 4.7. Linearization of an EAM with the help of a nonlinear function. (a) 
transfer function for the applied voltage due to the included nonlinear function 
in front of the EAM and (b) the linear net transfer function.  
 
As can be seen, the original transfer function in Fig. 4.7(b) becomes perfectly linear so 
that a constant slope dTeam/dVin is obtained. This in turn allows to use the EAM with 
analog signals or discrete multi-level intensity modulation. 
 
 
Reduced Modulation Bandwidth of the Upstream Transmitter 
 
Typical low-cost modulators suffer from limitations in their electro-optical bandwidth. 
The derivative filter in Fig. 4.6(a) in the feed-forward path can give emphasis to the 
high bit rate transients of the downstream, which is crucial for asymmetrical data rates 
when the modulating device at the ONU is designed for the lower upstream data rate. 




( ) ( ) DSff ff DS
i t








( )( ) ( ) 1 jff ff DSI j G I j j e
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where the gain Gff of the feed-forward path and its delay ∆τ are adjusted to the power 
level and ER of the downstream as well as to the electrical and optical path length, 
respectively. The magnitude κ of the derivative is chosen according to the gain 
relaxation time of the SOA. In this way, the transients caused due to the gain dynamics 
of the upstream transmitter are not further pronounced once the cutoff frequency of the 













Fig. 4.8. Spectra for down- and upstream for the case of asymmetrical data 
rates and the functions for the derivative filter (DF), the low-pass filter at the 
upstream receiver and SOA-related responses.  
 
Fig. 4.8 shows conceptually the spectra of down- and upstream, whereby the 
downstream data rate Rb,DS is twice the upstream data rate Rb,US, as it can be the case for 
GPON deployment with asymmetrical 2.5/1.25 Gb/s transmission. In addition, several 
transfer functions for the subsystems in the ONU and the electrical OLT receiver are 
depicted. The low pass filter (LP) at the OLT receiver has a bandwidth that is adjusted 
to the upstream data rate. The electro-optical response of the RSOA is suitable for 
modulation up to the upstream data rate Rb,US but has a strong roll-off for higher 
modulation frequencies. Emphasis on the suppression of the faster downstream 
transients can be given by a passive derivative filter (DF) that has in principle a high-
pass response and allows a slightly improved cancellation around the upstream data rate 
Rb,US, where the low-pass filter at the OLT receiver has still some transmission for 
spectral components of the downstream. 
 
 
4.4.2 Principal Proof of Concept 
The feasibility of the feed-forward carrier recovery scheme was proven for two 
scenarios that differ in the desired upstream data rate. The downstream was transmitted 
at a data rate of 10 Gb/s in each case. While the RSOA-based ONU is intended to 
operate at 2.5 Gb/s, its substitution by a SOA/REAM at the ONU is expected to provide 
an upstream with 10 Gb/s. 
 
The first ONU design with RSOA will suffer from an imperfect suppression of the 
downstream due to the mismatch in the bit rates for down- and upstream. On the 
contrary, the ONU that features a SOA/REAM can provide an ideal cancellation with its 
EAM section. However, residual distortions may arise in the recovered optical carrier 
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due to the finite gain recovery time of the SOA. These distortions cannot be suppressed 
by the cancellation technique since they are not present in the detected downstream 
signal and a prediction by means of electrical filtering is not easily accessible due to the 
bit memory that the filter would require. Additional crosstalk due to cross gain 
modulation between the incident – by the downstream patterned – seed and the outgoing 
upstream in the common SOA can be avoided by an integrated SOA/REAM solution 
since its optical length is much shorter than the length of a bit. 
 
 
Sensitivity to Errors in the Adjustment of the Cancellation Circuit 
 
The recovery of an optical carrier itself with the RSOA-based ONU is shown in Fig. 4.9 











P t P P
ER T
      = + − − −           
 (4.46) 
 
where Tb is the bit period and F the pulse format, which was chosen with F = 5. The ER 
of the signal was 10 dB. 
 


























































Fig. 4.9. Optical carrier recovery from an input signal that contains Super-
Gaussian pulses and an ER of 10 dB, (a) without and (b) with cancellation. 
 
Fig. 4.10 shows qualitatively the error of the feed-forward cancellation technique if the 
two parameters for the feed magnitudes of the direct signal and its derivative are 
changed. The error ρ is defined as the square of the deviation from the average power 







P t P dtρ = −∫  (4.47) 
 
Note that without any cancellation the performance worsens significantly. 
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Fig. 4.10. Dependence of the cancellation efficiency on the feed-forward 
parameters of direct signal feed and derivative signal feed. 
 
 
Impact due to a Limited Electro-Optical Response of the RSOA 
 
A limited e/o modulation response of the SOA will induce distortions for the 
downstream cancellation. Considering solely carrier recovery without upstream 
modulation (i.e. no modulation current is applied in equation 4.31), the output signal of 
the SOA becomes 
 
( ) ( ) ( )( )
2
( ) 1 1 ( ) ( )
1
out dc DS eo DS
P
p t G I ER t h t
ER
π π = + − + ∗ +
 (4.48) 
 
where heo is the impulse response due to the finite e/o modulation bandwidth. 
 The quality of the recovered carrier will therefore depend on the mismatch between 
the o/o bandwidth for the amplification of the optically present downstream signal and 
the e/o modulation bandwidth of the counter-injected electrical downstream signal. For 
the following simulations no optical gain saturation has been taken into account for the 
reflective upstream modulator. 
 

















































































Fig. 4.11. Recovered optical carrier after downstream cancellation for an 
incident data signal with an ER of 3 dB and an electro-optical modulation 
bandwidth of (a) 0.25 Rb,DS and (b) 0.75 Rb,DS for the upstream transmitter. 
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Fig. 4.11 shows the recovered optical carrier after suppression of a downstream with an 
ER of 3 dB in the case of having a strong e/o bandwidth limitation of 0.25 Rb,DS and also 
for an acceptable modulation bandwidth of 0.75 Rb,DS. As can be seen, though the latter 
is supposed to be enough not to suffer from severe penalties in upstream transmission, 
there are still some residual distortions in the recovered optical carrier, which lead to a 
residual ER of 1 dB when being referenced as peak-to-peak value. 
 The distortions that reside in the optical carrier are causing a broad mark rail in the 
eye diagram. Fig. 4.12(a) to (d) show these enhanced rails for the case of having the 
same downstream and upstream data rate but different modulation bandwidths of the 
reflective transmitter. The upstream was imprinted on the recovered carrier with an ER 














Fig. 4.12. Upstream eye diagram for the case of having a bandwidth-limited 
downstream cancellation. (a) Downstream ER of 3 dB and e/o bandwidth of 
0.5 Rb,DS, (b) 6 dB and 0.5 Rb,DS, (c) 3 dB and 0.75 Rb,DS, and (d) 6 dB and 
0.75 Rb,DS. (e),(f) Eye diagrams for the case of having a downstream with 
much higher data rate than the upstream, Rb,DS = 4 Rb,US. The downstream 
ER was (e) 3 dB and (f) 6 dB. The outer extents of the rails are pronounced. 
 
Although the distortions are clearly visible, the outer extents of the mark rail are less 
pronounced than the average mark level – similar to ASE noise. This indicates that the 
transients caused by the imperfect cancellation are from spurious nature. 
 Fig. 4.12(e) and (f) show the case of having a downstream data rate that is four times 
the one of the upstream, as it is the case in full-duplex 10/2.5 Gb/s transmission. 
Compared to Fig. 4.12(a) to (d), the rails are slightly broadened but also denser, 
indicating a stronger effective distortion. 
 An extreme case of pronounced extents in the mark rails is shown in Fig. 4.13, which 
shows – for the sake of completeness – the case of a downstream with ER of 6 dB 
without applied cancellation. 
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Fig. 4.13. Upstream eye diagram without downstream cancellation and an ER 
of 6 dB for the downstream. The modulation bandwidth is 0.75 Rb,DS. 
 
 
Residual Distortions and Effective Noise Figure 
 
The degradation that originates from either unsuppressed downstream or induced over- 
and undershoots in the bit pattern influences the upstream reception as it affects the eye 

















where S is the signal power and ERDS,res is the linear residual ER of the downstream that 
leads to a reduced power level for the marks of the upstream. ξ is a function that 
includes the impact of eye closure due to several transients induced by the SOA. The 
upstream ER is considered to be large enough to have a negligible average power level 
in the space bits. 
 According to this representation the distortions can be also treated in terms of an 
effective noise figure. The ASE noise causes deviations σ1 and σ0 at the mark and space 
levels of the bit stream. The eye opening is reduced due to reasons mentioned and given 
by the minimum and maximum rail levels P1min and P0max for the mark and space bits, 













The relation between the OSNR and the effective Q factor depends on the optical and 
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It is assumed that the optical ASE noise is dominating over the electrical thermal noise. 
The optical bandwidth Bo was chosen with 0.1 nm and the electrical bandwidth Be 
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according to the data rate of the upstream. Furthermore, the OSNR is related to the 






      ( ), 10logdB in dB dBNF P OSNR hν ν= − − ∆  (4.52) 
 
where ∆ν corresponds to the optical resolution bandwidth. 
 The effective noise figure NFeff of the downstream cancellation was analyzed with a 
dynamic analytical model according to chapter II.2 and an additional simulation in a 
state-of-the-art tool such as VPI transmission maker. 
 
A downstream signal with a fixed ER of 6 dB was used for the evaluation. A reasonable 
electro-optical bandwidth for the RSOA was emulated with an electrical interface that 
holds an electrical Bessel filter with a 3-dB bandwidth of 2 GHz. The bias current was 
composed by a DC level of 75 mA and a peak-to-peak RF current of 90 mApp. 
 For the SOA/REAM-based ONU the intrinsic loss of the EAM was 10 dB while the 
upstream ER was 20 dB. The SOA section was biased at a current of 100 mA. Detection 
of the upstream signal took place after filtering the optical ASE noise with a 100 GHz 
broad optical band-pass filter and the detected electrical signal with an electrical Bessel 
filter matched to intensity modulation and the nominal upstream bit rate of 10 Gb/s, thus 
having a bandwidth of 7.5 GHz. 
 Three different scenarios have been analyzed. Next to the case where no downstream 
is present, meaning an ER of 0 dB for it, the case without and with downstream 
cancellation were investigated for a present downstream pattern. 
 
The effective Q factor of the RSOA-based cancellation seems to be lower for the 
simulation than for the model at low input power values. This derives from the 
difference in the noise figure where also the static investigation showed a difference for 
low input power. On the contrary, for high input power values it favors a better Q 
parameter due to the fact that the noise figure for the model raises earlier when 
approaching higher input power values. 
 The downstream cancellation leads to effective noise figures of 21.1 dB for the 
model and 25.5 dB for the simulation, considering an input power of -15 dBm (Fig. 
4.14(b)). If there is no cancellation present the effective noise figure raises slightly to 
21.8 dB according to the model and 26.9 dB for the simulation. 
 
Agreement between model and simulation can be found for the effective OSNR of the 
SOA/REAM-based cancellation in a wide range of input powers. Just for very low input 
power there is a deviation that may have its origin in the different behavior regarding 
the transients that are more pronounced in the simulation for such low power values. 
The effective noise figure is 13.3 dB for the model and 15.6 dB for the simulation for an 
input power of -15 dBm and the case of applying means of downstream cancellation 
(Fig. 4.14(d)). If there would be no cancellation, the effective noise figure would raise 
to 17.2 dB for the model and 19 dB for the simulation. 
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Fig. 4.14. (a),(c) Effective OSNR and (b),(d) effective noise figure obtained by 
model (solid lines) and simulation (dashed lines) for (a),(b) a RSOA and (c),(d) 
a SOA/REAM as upstream modulator at the ONU. 
 
The increase of the effective noise figure strongly depends on the cancellation 
technique. Especially for the SOA/REAM based ONU, the difference between the case 
with and without the cancellation is large, mostly due to the perfect operation of the 
EAM that does not suffer from a limitation in the required electro-optical bandwidth. If 
the downstream is switched on, the effective noise figure increases by ~7.5 dB for an 
input power of -13 dBm but can be reduced to an increase of 4 to 5 dB with cancellation 
(Fig. 4.15(a)). 
 The limited bandwidth of the RSOA leads to a compression of this difference. For 
the same optical input power the effective noise figure increases by the same value of 
~7.5 dB applying downstream data. A part of the penalty can be reduced with the help 
of the cancellation so that the effective noise figure is increased by ~6.5 dB (Fig. 
4.15(b)). This rather small improvement compared to the ONU with SOA+REAM is 
directly related to the performance of nowadays commercially available devices and it is 
expected to achieve better results in future. Due to the higher net gain of the RSOA a 
stronger dependence on the optical input power is given since the gain saturation 
removes the pattern more efficiently for higher input power values. 
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Fig. 4.15. Relative increase of the effective noise figure, referenced to the 
case of remote carrier modulation with the absence of downstream data, for 
having (a) a SOA/REAM and (b) a RSOA as reflective modulator at the ONU. 
 
 
4.4.3 Optimum Reception Bandwidth for the Upstream 
Although it is in principle possible to counteract the downstream signal at the ONU by 
its counter-injection, the feed-forward approach is practically limited by the low electro-
optical bandwidth that nowadays RSOAs are suffering from. 
 The filter at the electrical OLT receiver has to be therefore adjusted to reject the 
remaining spectral components of the downstream. Although this is in principle no 
further problem, penalties can arise when the modulation bandwidth of the RSOA 
approaches values that are below the required bandwidth for the desired upstream data 
rate. In this case a trade-off between residual downstream pattern and cut in the 
upstream spectrum has to be made when designing the electrical low-pass filter at the 
OLT receiver. 
An evaluation of the optimum bandwidth for this filter at the electrical OLT receiver 
can be made based on four different scenarios that are summarized as follows. 
 
 US only: an unmodulated optical carrier is sent to the ONU and remodulated 
by the RSOA with upstream at a data rate of 2.5 Gb/s 
 US + DS: the optical carrier sent from the OLT is modulated with a 10 Gb/s 
downstream that has an ER of 3 dB 
 US + DS + bandwidth limited cancellation: in addition to the upstream, a 
feed-forward cancellation is applied to reduce the impact of the downstream in 
the upstream bit pattern. The electrical interface was emulated by a 4th order 
Bessel filter with a bandwidth of 2 GHz and therefore the overall electro-
optical response that is given by the RSOA is limited by the response of the 
bonding interface between package and semiconductor. 
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These four cases were assessed with an analytical model. The delivered OSNR at the 
OLT receiver was 32 dB according to an input of -15 dBm at the RSOA and a nominal 
RSOA noise figure of 11 dB. An EDFA with a noise figure of 3.5 dB was chosen as 
preamplifier and provides a gain of 20 dB. The ASE was then filtered with a 100 GHz 
optical band-pass filter and the signal was detected with an APD that had a 
multiplication M=6, an ideal conversion efficiency and a thermal noise density of 28.8 
pA/(Hz)
1/2
. A noiseless electrical amplifier with a gain of 20 dB was placed in front of 
the electrical receiver, which contains the electrical low-pass filter that is subject to 
optimization. 
A PRBS was assumed for the down- and the upstream and hence the spectrum SPRBS of 
the data streams is determined by the sinc function according to 
 
( )2( ) sincPRBSS f fTπ∝  (4.53) 
 
In a conventional receiver the electrical reception filter would be expected to be wide 
enough not to cut the upstream data signal and narrow enough to reject the optical noise 
that is detected after the optical band-pass filter as well as beat noise contributions. On 
the other hand, the residual downstream will be the dominating source of distortion and 
the optimal bandwidth will be therefore less than 75% of the upstream data rate Rb,US 
that would be typically chosen for intensity modulated data signals. 
 









































































Fig. 4.16. (a) Spectra of upstream (US) and downstream (DS), both treated as 
PRBS, and (b) relative up- and downstream magnitude when their spectra are 
cut with a Bessel filter at the electrical OLT receiver as well as the ratio 
between the data streams. 
 
Fig. 4.16(b) shows the magnitude of the received signal components for different 
reception filter bandwidths. While the ratio between up- and downstream decreases with 
a spectrally wider filter and leads to a reduced suppression of the residual downstream, 
the upstream signal is cut too much if the filter bandwidth is chosen too narrow. 
 
For plain upstream modulation without downstream data the optimal reception filter 
bandwidth is 0.75 Rb,US and coincides with the value that can be found in literature (Fig. 
4.17(a)). The penalty for narrower bandwidths is stronger than for wider ones since a 
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Fig. 4.17. BER vs. input power into the optical OLT receiver for (a) 
transmission of only upstream data, (b) an unsuppressed downstream with an 
initial ER of 3 dB and (c) the case of downstream cancellation. 
 
If a downstream is present but not cancelled (Fig. 4.17(b)), the optimal filter bandwidth 
is shifted to a lower value of 0.4...0.5 Rb,US. Although the upstream signal is cut slightly, 
the downstream is suppressed even more and due to that a net benefit is obtained. 
However, the overall BER performance is naturally worse. 
 An additional downstream cancellation reduces the residual downstream pattern in 
the upstream so that the optimal filter bandwidth is 0.55...0.6 Rb,US and therefore located 
between the two previously mentioned cases (Fig. 4.17(c)). The BER performance is 
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improved towards the original scenario of imprinting data on an unmodulated optical 
carrier. 
 
The chosen scenarios show that the optimal reception filter bandwidth shifts to lower 
values for the case of an unsuppressed downstream, as can be seen in Fig. 4.18(a). This 
proves that an unsuppressed downstream dominates the reception penalty when being 
compared to a cut in the upstream signal spectrum. 
 The penalty in sensitivity, shown in Fig. 4.18(b), increases much stronger for 
unnecessary wide filter bandwidths when a downstream is present, reflecting that the 
residual downstream pattern is dominating the BER over other noise contributions. 
 

















US + DS ER=3dB
US + DS + DoCa
 
(a) 





























US + DS ER=3dB, BER=10-10
US + DS + DoCa, BER=10-10
 
(b) 
Fig. 4.18. (a) BER for an input power of -40 dBm into the optical receiver at 
the OLT, and (b) penalty in sensitivity for plain upstream transmission, without 
and with cancelled downstream data, at a BER level of 10
-10
 and referenced 
to the sensitivity of the optimal reception filter bandwidth. 
 
 
4.4.4 Experimental Validation 
Before the feed-forward cancellation technique is applied to a PON, its back-to-back 
performance is assessed for a RSOA- and also for a REAM-based ONU [166]. The 
feasibility in WDM- and WDM/TDM-PONs with extended loss budget is proven for bit 





According to the feed-forward carrier recovery, a coupler (CO) splits the detection and 
the remodulation branch inside the ONU, whereby the latter holds a fiber delay line 
(FDL) to cope for the slower propagation of the electronic cancellation signal that 
originates at the APD (Fig. 4.19). As there is no information about the power margins 
and the sensitivities of down- and upstream so far, the coupling ratio was chosen to be 
50/50. The APD at the ONU had a sensitivity of better than -27 dBm and an electrical 
filter matched to the downstream was placed in front of the electrical receiver of the 
ONU. 
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 The cancellation circuit consists of an electrical delay (∆τ) for fine tuning of the path 
lengths, a derivative filter (DF) as described earlier and RF amplifiers. A passive star 
































































Fig. 4.19. Proof-of-concept setup for the feed-forward downstream 
cancellation in a RSOA- and a REAM-based ONU, exploiting gain and loss 
modulation to flatten the optical seed of the upstream modulator. 
 
The RSOA used was packaged in an uncooled TO-can and its electro-optical response 
had a 3 dB bandwidth of 0.8 GHz for the chosen bias point for operation. The electro-
optical bandwidth was extended to ~1.2 GHz with the help of a passive RLC-network 
that acts as equalizer (EQ), at the cost of RF losses (Fig. 4.20). The RSOA that is 
nominally rated for 1 Gb/s is therefore suitable for 2.5/1.25 Gb/s transmission. 
 The noise figure was 9 dB and the small signal gain was 21.7 dB with an optical 3-
dB gain bandwidth of 54 nm that is centered at 1550 nm. An upstream ER of 8 dB was 
achieved and is limited by the requirement of keeping the RSOA transparent during the 
space bits. Since the electro-optical bandwidth is less critical after equalization, the 


















































Fig. 4.20. (a) ASE spectrum and (b) electro-optical response of the equalized 
RSOA. 
 
A REAM replaces the RSOA in case of a higher symmetrical data rate of 10 Gb/s as it 
offers a larger electro-optical bandwidth. The intrinsic optical losses of 16 dB restrict to 
use this device solely without optical amplifier since the ONU would then provide a too 
low output power to cover a typical power budget of a PON. The missing gain is 
provided by a SOA at the ONU input which not only compensates for the losses of the 
REAM but also acts as preamplifier for the downstream – though no optical filter can be 
placed for ASE rejection to retain a colorless ONU design. 
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 For the REAM-based ONU the SOA at its input had a small signal gain of 21 dB. 
The bias of the REAM was -1.8V, while the modulation was 3.5Vpp, leading to an 
upstream ER of 13 dB. No cross-gain modulation between down- and upstream was 
observed in the common SOA thanks to high intrinsic losses of the REAM. 
 For an input power of -14 dBm at this ONU the power levels and OSNR levels are: 3 
dBm and 46 dB after the OLT booster (point A in Fig. 4.19), -1.5 dBm and 38.8 dB 
after amplification with the SOA (B), -20.5 dBm after remodulation with the REAM (C) 
and -12.1 dBm and 27.7 dB after being boosted by the SOA (D). The ONU had a net 
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Fig. 4.21. Cancellation efficiency and remaining downstream for after carrier 
recovery using (a) a RSOA (dashed lines correspond to optical gain 
saturation, solid lines to an additional cancellation, hollow markers indicate the 
absence of the electrical filter at the OLT receiver while filled markers 
represent its presence) and (b) a REAM for the purpose of downstream 
cancellation. 
 
The remodulation quality is proven in terms of carrier recovery and BER measurements. 
For this reason the downstream ER was not fixed but varied by setting the bias point 
and modulation swing of the MZM. The operating wavelength was set to 1551.32 nm 
for the RSOA-based ONU and to 1560.61 nm for the REAM-based ONU since the 
latter is intended to be used in the L-band. The launched power at the OLT was fixed to 
3 dBm. The ONU and OLT input levels were varied with attenuators (AF, AR) to obtain 
BER measurements, while the ONU input was fixed to -14 dBm for the upstream 
measurements. 
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 The efficiency of the natural optical gain saturation and an additional feed-forward 
cancellation (marked as ‘DC’) to counteract a downstream is presented in Fig. 4.21 for 
an ONU input power of -14 dBm. The cancellation efficiency is here defined as the 
reduction of the ER in reference to its initial value. With the RSOA as remodulator, an 
electrical filter with a bandwidth of 1.25 GHz was additionally placed after the upstream 
detector in some of the shown cases, while there was no upstream modulation itself. 
The efficiency increases by 21% for an ER of 3 dB, where the remaining ER is 1.5 dB 
with the gain saturation effect and 0.9 dB with additional feed-forward cancellation. For 
the REAM-based ONU the efficiency increases by 42% for an ER of 6 dB when 
employing electrical means of cancellation, meaning a decrease in the remaining ER 
from 3.8 dB to 1.3 dB. The efficiency is constant for both ONUs at high downstream 
ERs, while for lower ones distortions due to the overshoot of the SOA cause a 
reduction. This is explained by the fact that these transients are then already in the order 
of magnitude of the unsuppressed downstream and have influence on the calculation of 
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Fig. 4.22. Downstream BER measurements for the RSOA-based ONU and its 
penalty in sensitivity. 
 
The downstream BER measurements for the RSOA-based ONU are shown in Fig. 4.22. 
ERs larger than 2 dB are reasonable considering a BER of 10
-10
 and typical PON power 
budgets. A BER floor above 10
-10
 appears for an ER of 1 dB, while FEC allows also an 
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Fig. 4.23. Upstream BER measurements for the RSOA-based ONU and its 
penalty in sensitivity. 
 
For the upstream a BER of 10
-10
 was obtained for ERs of 3 dB and less without 
downstream suppression and also for 4 dB with cancellation (Fig. 4.23). The penalty 
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referenced to the case without downstream is then 7 dB. At an ER of 3 dB the penalty 
decreases by 4.2 dB when using the cancellation. The FEC threshold can be reached 
even with an ER of 6 dB. For this ER the sensitivity increases by 4.7 dB once feed-
forward cancellation is used. 
 
For the REAM-based ONU reasonable ERs for the downstream (Fig. 4.24) are 3 dB or 
larger (Fig. 4.30). Operation at the FEC threshold does not give a significant advantage. 
 The operating range for the upstream at a BER of 10
-10
 can be extended from an ER 
of 1.5 dB to 3 dB when employing the cancellation (Fig. 4.25). The sensitivity is then 
just -10.5 dBm due to the low net gain of the ONU, giving a penalty of 4.2 dB. At the 
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Fig. 4.24. Downstream BER measurements for the REAM-based ONU and its 
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Fig. 4.25. Upstream BER measurements for the REAM-based ONU and its 
penalty in sensitivity. 
 
In continuation to this experimental proof-of-concept that shows the extension of 
compatible downstream ERs, the application of the RSOA-based ONU with its high net 
gain is addressed for long reach PONs with extended loss budget and the feasibility for 
an EAM-based ONU in a simpler WDM-PON is proven. 
 
 
Long Reach PON with GPON-compatible 2.5/1.25 Gb/s ONU 
 
The presented RSOA-based ONU was further embedded in a hybrid PON with 100 km 
reach and 1:32 split in the trees [167]. This scenario corresponds to an extended GPON 
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access network but utilizes just a single wavelength for full-duplex data transmission. 
The degradation of the OSNR, which is caused by accumulation of noise along the light 
path when reamplification takes place, may limit the transmission performance in 
addition to the unsuppressed downstream pattern. 
 The architecture of the PON is from ring+tree type (Fig. 4.26) and has a 100 km long 
double fiber ring to keep Rayleigh backscattering (RB) effects to just a relative short 
bidirectional segment of 10 km length at the tree. Single wavelengths are dropped from 
the ring at the remote node (RN) where also remote amplification is applied to cope for 
the advanced loss budget. The amplification stages in the RN have been pumped locally 
























































































Fig. 4.26. Experimental setup for a long reach PON employing remote 
amplification and downstream cancellation techniques at ONU and OLT. 
 
In detail, the RN that will be also used in a later experiment in a slightly simplified 
version comprises two 15m long HE980 EDFs for both, the downstream and the 
upstream branch. An isolator was placed between them to avoid amplified reflections 
and lasing due to the high gain. For the drop and insertion of the signals into the ring, 
200 GHz thin film add/drop filters (A/D) were used together with a 50/50 resiliency 
coupler (CR). This ring interface of the RN caused 4.5 dB of insertion loss. At the tree 
interface, 100 GHz thin film filters are used together with circulators to filter the ASE 
noise from the downstream amplification stage and also from the ONU while the 
bidirectional data traffic from the tree is split into the unidirectional paths for 
amplification. This output stage of the RN has another 1.5 dB of insertion loss. 
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 An additional non-linear square root (SQRT) function at the OLT receiver works as a 
soft limiter [164], expanding the upstream and compressing the remaining downstream. 
Due to the limiting behavior of the electrical SQRT at the OLT receiver the transients 




Note. The SQRT function is an alternative though not that efficient approach to 
counteract the degrading downstream pattern. Its nonlinearity provides a mean of 
electrical suppression in terms of compressing the mark 
level of a received signal while the space level is 
expanded. The downstream is therefore compressed and 
the upstream is not harmed if the space level is close to 
the dark level of the detector, meaning a high upstream 
ER. A more detailed analysis of the SQRT behavior is 
as follows. 
Having only downstream according to equations 4.3 
and 4.7, the detected photo current idet,DS is 
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, ( )det DS DS DS
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while for a combined case of concurrent down- and upstream transmission the detected 
current idet is given by 
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There are four possible cases for the detected current levels, defined by the bit 
combinations of down- and upstream. Considering an upstream ER that is larger than 
the downstream ER, the received eye will have a mark level that is much broader than 
the space level. The detected photo currents without and with SQRT for the possible 
combinations are the following, considering that I1 = S P1. 
 
• πDS = 1, πUS = 1: 1deti I=   , 1det SQRTi I=  (4.56) 
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Looking at the eye diagram, the width of the mark and space level, σ1 and σ0, and the 
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As a figure of merit for the BER improvement, the Q factors for the case without and 
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The improvement is now defined as the relation between the Q factor without and with 
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The improvement ψ is below unity for all 
ERs for down- and upstream. It approaches 
unity for a low upstream ER when the 
downstream ER is high at the same time. 
This can be understood in terms of 
compression and expansion of the nonlinear 
SQRT function: although the high 
downstream ER is compressed, the low 
upstream ER means a broad space level in 
the eye, which is expanded to an even 





In a long reach PON with cascaded optical amplification it is always useful to look at 
the signal evolution along the light path (Fig. 4.27) to determine eventual degrading 
problems. For a downstream ER of 3 dB the signal power levels and OSNRs, measured 
with a resolution bandwidth of 0.1 nm, were: 3 dBm and 47.2 dB after the OLT booster 
(A), -18.8 dBm after passing the downstream ring at the input of the RN (B), 7.7 dBm 
and 30.2 dB after amplification in the RN when launched into the tree (C). In the drop, a 
splitter of 1:8 and 1:4 as well as the drop SMF causes a low ONU input signal of -14 
dBm (D). The further power levels and OSNRs were -6.5 dBm and 26.9 dB at the ONU 
output (D), meaning a net gain of 7.5 dB for the ONU, -27.6 dBm after the return across 
the high tree loss to the RN (C), -0.6 dBm and 23 dB when injected into the upstream 
ring (E), and -22.3 dBm when reaching the OLT after passing the upstream ring (F). 
The OSNR was 21 dB after the preamplification at the optical OLT receiver which 
consisted of an EDFA that was pumped at 980 nm. The PIN diode used for photo 
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The high optical losses in the different segments of ring and tree, situated between the 
different amplification stages, lead to a rapid OSNR degradation along the PON. The 
high initial OSNR degrades by 17 dB at the downstream drop amplification of the RN. 
Despite the higher noise figure of the RSOA, the OSNR degradation of 3.3 dB is lower 
compared to the upstream amplification in the RN, which causes 3.9 dB of degradation, 
showing that the ONU net gain is slightly too low. 
 The Optical Signal-to-RB-Ratio (OSRR) at the drop fiber is determined by the high 
split in the tree and the net gain of the ONU. Since both of them are from high value, it 
is more probable that the downstream becomes affected before the upstream does. For 
the given conditions the OSRR was as high as 27 dB for the down- and 37 dB for the 
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Fig. 4.28. BER measurements in the long reach PON for (a) the downstream 
and (b) the upstream for different downstream ERs. 
 
The optimum ER for the downstream is defined for the most balanced power margins 
for the down- and upstream reception and can be found with an evaluation of the 
transmission performance which is shown in Fig. 4.28(a) and (b) for the down- and 
upstream, respectively. 
 A BER of 10
-10
 can be obtained for the downstream without problems for ERs of 3 
dB or more. This proofs that the power budget of the PON does not limit downstream 
transmission as the margin is 11.2 dB for the minimum required ER of 3 dB at this low 
BER level. An error floor is present at lower ERs due to the interplay of ASE and eye 
opening: an ER of 2 dB allows to reach only the FEC limit where the FEC gain is 4.5 
dB. The penalty referenced to the case of having a separate wavelength for the 
downstream, which can be modulated with an ER as high as possible, is 6.9 dB for an 
ER of 3 dB at a BER of 10
-10
. A slight variation around this operating point of having an 
ER of 3 dB shows a different behavior: while for the FEC level the penalty decreases by 
1.2 dB once the ER is increased to 4 dB, it increases by 3.8 dB when the ER is reduced 
to 2 dB. 
 The BER measurements for the upstream show that a BER of 10
-10
 can be obtained 
for an ER of 3 dB when using both, feed-forward cancellation and square root 
equalization. Even for an ER of 6 dB the FEC threshold can be then reached. This is a 
quite big improvement compared to the cases where no means of downstream 
cancellation are employed: the best possible BER for an ER of 3 dB is then already 
 
123  Chapter IV. Full-Duplex ASK on a Single Wavelength 
   
above 10
-6
 and for an ER of 6 dB there is a BER floor at 10
-2
. Without any cancellation 
technique a BER of 10
-10
 is inaccessible except for the case where no downstream is 
present. 
 The SQRT enhances the transmission for low BERs as the disturbing RSOA induced 
overshoot is reduced by the SQRT and the electrical low-pass filter. In addition, strong 
optical noise is present in the PON due to the low received OSNR. An equal distribution 
of overshoot and noise contributions in the eye due to the expansion of the space level 
and the compression of the mark level leads to a more symmetrical eye with improved 
Q factor, giving a better BER at low values. This is evident for the pure upstream 
modulation where no downstream was present on the optical carrier: the improvement 
given by the SQRT for a low BER is advanced by 1.6 dB compared to the FEC level, 
reflecting the reduction of noise and overshoot in the mark level. The added SQRT 
allows for a BER lower that 10
-10
 with a downstream ER up to 3 dB, while without the 
SQRT it is not possible to access that low BER unless the downstream is switched off. 
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Fig. 4.29. Penalties in sensitivity for down- (hollow markers) and upstream 
(filled markers), referenced to an ER >10 dB and 0 dB, respectively. Solid 
lines correspond to a BER level of 10
-10
, while dashed lines indicate reception 
at the FEC threshold. The ▲,●,■ markers stand for unsupported transmission, 
feed-forward downstream cancellation (DC) and additional SQRT 
equalization. 
 
Looking at the penalties (Fig. 4.29) where for the upstream the case of remodulating a 
plain optical carrier without having an additional SQRT at the OLT receiver is taken as 
the reference, it can be seen that incorporation of FEC is a very interesting option 
though it is related with extra but also shared cost. At its higher BER threshold the 
improvement when including both techniques, feed-forward cancellation and SQRT, 
grows with the ER and enables operation up to an ER of 5 dB. The unsupported 
transmission is not possible beyond an ER of 3 dB at the FEC level. The penalty is kept 
low by the SQRT for ERs up to 3 dB where it is just 1.2 dB and the difference to the 
case where only the feed-forward cancellation is present is about 1 to 1.5 dB and is 
independent of the ER. 
 Fig. 4.30 summarizes the FEC gain and the power margins for down- and upstream. 
The FEC gain for the downstream is quite flat compared to the upstream and has values 
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around 3.5 dB unless the eye becomes small so that a BER floor just below 10
-10
 is 
caused. The higher penalties for the upstream transmission at low BER given by the 
RSOA-induced transients and also by remaining downstream lead to a higher FEC gain 
when compared to the downstream transmission. In the back-to-back case where a BER 
of 10
-10
 can be obtained also for higher ERs due to the missing noise accumulation, the 
FEC gain rises from 4.5 dB at an ER of 1 dB up to 11.2 dB for an ER of 5 dB, when 
both techniques are applied for cancellation. If the SQRT is discarded, the BER floors 
rise and so does the FEC gain. This behavior is even more pronounced if also the feed-
forward cancellation is not applied. In the PON the FEC gain shows the same steep rise 
with the ER but is shifted to higher values due to the enhanced error floors for low 
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Fig. 4.30. (a) FEC gain for down- and upstream, where dashed lines indicate 
the back-to-back case, solid lines the case of the PON, hollow markers stand 
for the downstream (DS) and filled markers for the upstream (US), for which 
the ▲,●,■ markers indicate unsupported transmission, feed-forward 
downstream cancellation (DC) and additional SQRT equalization, 
respectively. (b) Power margins for down- and upstream. Solid lines indicate a 
BER of 10
-10
, while dashed lines show results with FEC. 
 
The power margins for the PON, shown in Fig. 4.30(b), partially reflect the differences 
in the FEC gain. Without any FEC applied the only compatible ER is 3 dB. The 
downstream has then a margin of 11.2 dB while only 0.3 dB are left for the upstream. 
The upstream margin can be increased to 10.2 dB when incorporating FEC at the 
upstream receiver and the ER of 3 dB stays the optimum. Both margins are then 
balanced and differ in only 1 dB. If FEC is also applied at the downstream receiver, the 
optimum ER is shifted to 2 dB, leading to margins of 11.9 and 11 dB for down- and 
upstream. However, this small increase of less than 1 dB at an already relative high 
margin comes at the significant additional cost of applying FEC at each ONU in the 
PON. The available margin of more than 10 dB for both, down- and upstream can be 
used to increase the reach of the PON or splitting ratio of the tree further. 
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Higher data rates with symmetrical transmission can be achieved with an EAM-based 
cancellation, which was tested in a WDM-PON with reduced link loss due to the limited 
net gain of the ONU. 
 
 
Symmetrical 10 Gb/s WDM-PON with SOA/REAM-based ONU 
 
The feed-forward approach works also for higher data rates and reflective modulators 
with appropriate modulation bandwidth, such as EAMs. Combined with a SOA section 
[168], such modulators can be an attractive low-cost solution for access since they have 
been proven to operate up to high temperatures without being thermally penalized 
[169]; While the working wavelength range for a temperature of 20°C was 80 nm 
within a 2 dB penalty in reception, it can be still maintained with 30 nm for a 
temperature of 70°C while a shift to longer wavelengths is introduced due to the band 
gap variation of the semiconductor material. 
 A typical response of such a SOA/REAM is shown in Fig. 4.31. While the EAM 
section allows high extinction of the incident light of up to more than 20 dB, the SOA 
compensates for the intrinsic EAM losses. The low net gain is caused by the waveguide-
to-chip coupling that could be further improved by a tapered waveguide near the chip 
facet.  
The operation point of the SOA/REAM was chosen with a SOA bias current of 160 mA 
and an EAM bias of -2V. The modulation voltage was 4 Vpp. Both, the DC bias and the 
drive voltage of the data signal could be lowered for the EAM at the cost of the 
upstream ER. In this way the modulator becomes more energy efficient since low drive 
voltages around 1 Vpp can already lead to an ER of 10 dB for the upstream signal, even 
































Fig. 4.31. Spectral net gain of a SOA/REAM for different bias points and the 
SOA/REAM device. 
 
Fig. 4.32 shows a SOA/REAM-based ONU in a WDM-PON that is operated for full-
duplex 10 Gb/s transmission. According to the WDM principle a continuous data stream 
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was transmitted from the OLT with a PRBS of length 2
31
-1 and remodulated with 
upstream data while the downstream pattern is erased at the same time. A DCF is 
required due to the positive chirp of the EAM that degrades the optical signal in 
conjunction with anomalous chromatic dispersion. Although a high negative EAM bias 
and operation close to the excitonic peak would cause a negative chirp, these conditions 
are typically not feasible due to the high insertion loss and the limitation in the 
operating wavelength range. Alternatively, the SOA could be modulated with the same 














































Fig. 4.32. WDM-PON with SOA/REAM-based ONUs for full-duplex 10 Gb/s 
transmission and wavelength reuse. 
 
The transmission results are shown in Fig. 4.33 and reflect similar performance as in the 
previous section. Note that the reception sensitivity of the downstream could be 
improved by changing the splitting ratio of the power splitter (CO) inside the ONU, 
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Fig. 4.33. Transmission performance for (a) the downstream and (b) the 
upstream. 
 
A combination of both, high symmetrical data rates and a high net gain for the ONU 
would be the key for cost-efficient deployment of the proposed downstream suppression 
technique in hybrid PONs with extended reach. For this reason a third and last 
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Symmetrical Extended Reach WDM/TDM-PON with RSOA-based ONU 
 
The architecture of the hybrid PON [172], shown in Fig. 4.34, is based on a WDM ring 
that is used to deliver signals via the RNs to the TDM trees and is an extended version 
of the first PON study. The ring acts thereby as metro distribution network, to transfer 
data streams on different wavelengths to single local access networks, by providing a 
resiliency mechanism at the same time. The trees that are connected to the metro ring 
then distribute the traffic locally among a bunch of 16 users each, or other optical 












































































































































































































































































































































































































































Fig. 4.34. PON architecture based on dual-fiber WDM ring for down- (DS) and 
upstream (US) and a bidirectional power splitting tree. The metro/access 
network contains RNs with inline- and drop-amplification, remotely pumped 
from the OLT. The inset shows the wavelength allocation for the data and the 
comb signals, which is also repeated inside the setup to indicate the presence 
and absence of particular wavelengths at different locations. 
 
The network comprises three different types of RNs, which are primarily intended to 
provide add/drop functionality and signal amplification. Next to the signal-RNs (S-RN), 
inserted in the ring to drop specific wavelengths to their connected trees, two inline-
 
Chapter IV. Full-Duplex ASK on a Single Wavelength  128 
 
RNs (IL-RN) are distributed along the ring to re-amplify the data signals that are passed 
to the S-RNs. Finally, an extra RN has been inserted to include the influence of multi-
wavelength transmission into account. Since this is implemented by transmitting a comb 
of dummy signals together with the data signals instead of adding a series of S-RNs, 
this third RN is referred to as the comb-RN (C-RN). These three kinds of RNs, located 
at the dual-ring of 100 km and carrying down- and upstream signals separately, the 
OLT, and the ONUs that are connected to the different RNs, will be now discussed in 
detail. Note that a high capacity is not in focus and that the PON was kept as simple as 
possible with a minimum number of RNs for demonstrating the transmission 
performance of the chosen modulation format. 
 At the interconnection between the ring and the trees, the S-RN corresponds to the 
one that was previously discussed with the difference that just a single EDF is used per 
amplification stage. The RN provides the possibility to drop and add the signals to both 
ring directions, which ensures that even if a ring segment on the East side of the S-RN 
is interrupted, communication can still be established via the West side, or vice versa. 
The applied wavelength allocation scheme of dropping two wavelengths in each S-RN 
is mainly motivated by the bidirectional signal amplification in the EDF-based stages. 
The two tree signals (λS,λD), which are intended for data transmission to the two 
connected trees, are thereby fed into the amplifiers in a way so that the counter-
propagating continuous-mode downstream signal from the other tree stabilizes the gain 
of the burst-mode upstream traffic [173]. At the same time, RB is avoided since the 
down- and upstream signal of the same wavelength are amplified in different EDF 
stages. Separation and combination of the tree signals inside the S-RN are done via 100 
GHz filters (PS, PD) and circulators. In this work, the pump is dropped by two WDM 
couplers connected to the East and West upstream ports of the RN. 
 The downstream is imprinted at the OLT on the carrier at λS = 1550.52 nm via a 
MZM with variable ER. The carrier of the second tree at λD = 1551.32 nm was left 
unmodulated. A DCF with a dispersion of -1362 ps/nm was used for the modulated 
downstream signal at λS and also at the upstream receiver to compensate for pulse 
broadening along the SMF spans. A dual-stage booster configuration is thereby used to 
keep the OSNR high [16]. Each of the 8 carriers (λS, λD, λC1...λC6) was injected with 3 
dBm into the downstream ring. The two optical signals at 1480 nm, which are used to 
supply the RNs with the required pump for their EDF-based amplification stages, were 
each launched into both directions of the upstream ring with a power of 28.5 dBm, in 
order to provide also some Raman gain for the upstream. For a larger number of RNs 
along the ring, which is not considered in this work, the transmitted pump would have 
to be increased to account for the pass-through losses and the dropped pumps at each of 
the RNs. 
 
The ONU corresponds to the one used in the first PON study and differs in the TO-can 
RSOA for which an improved model regarding its modulation bandwidth, though with 
less optical gain, was used. The limitation given by the low intrinsic electro-optical 
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bandwidth of the RSOA is overcome by optical offset filtering at the OLT receiver [72]. 
The phase modulation that is introduced by the chirp of the RSOA is thereby converted 
into supportive amplitude modulation when the reception filter (RXF) at the OLT is 
properly blue-shifted. In addition, the response of the RSOA was equalized with a 
passive RLC-filter. This kind of electronic equalization was designed according to the 
detuned 100 GHz RXF filter in front of the APD at the OLT receiver. With a chirp 
parameter of 7.7 and a filter detuning of 16 GHz the response was extended from 1.6 to 
5.8 GHz for an optical input power of -17 dBm (Fig. 4.35). Though the obtained 
bandwidth is not high enough, penalized transmission at 10 Gb/s should be possible at 
least at the FEC level without additional cost deriving from adaptive electronic 
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Fig. 4.35. Electro-optical response and small signal gain spectrum of the ONU 
transmitter, which is based on a TO-can RSOA. Values are given for the 
operating conditions inside the PON. 
 
An upstream ER of 6.4 dB was reached and is compromised by the need for a high 
RSOA bias current to enhance the electro-optical bandwidth of the RSOA. The gain 
spectrum of the RSOA was centered at 1550 nm, had a 3 dB bandwidth of 58 nm and a 
small signal gain of 13 dB. The noise figure was 9.3 dB for the given bias point. 
 To assess the influence of gain transients in the remote amplification stages inside 
the S-RN on the transmission performance, additional burst-mode measurements have 
been performed according to a GPON-compatible 125 µs frame with a duty cycle of 
1:4, meaning a packet length and gating for the RSOA of 31.5 µs. Since no burst-mode 
APD receiver was available, a PIN diode was placed as photo detector of the OLT 
receiver. 
 Next to the S-ONU, which provides transmission at the wavelength λS, a dummy-
ONU (D-ONU) was added for the second tree that is also emerging from the S-RN. The 
D-ONU emulates a simple version of the S-ONU and operates at the second tree 
wavelength λD. Although no modulation is applied to the RSOA inside the D-ONU, this 
methodology is acceptable since the gain relaxation time of the EDFs is much larger 
than the inverse of the date rates used so that the gain of the EDF does not vary at the 
bit level. Therefore, the gain stabilization that is achieved inside the EDF due to the 
second wavelength λD stays the same as long as its optical power level matches the one 
of a potential modulated carrier at λD. 
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 Besides the drop amplification in the S-RNs, the IL-RNs are designed not only to 
drop wavelengths as a S-RN does but also to provide additional inline amplification 
along the downstream ring via a short piece of EDF. The required pump is dropped by a 
fixed ratio of 10% from the pump that is propagating through the upstream ring, which 
delivers the carrier at 1480 nm that is used for pumping several RNs along the ring. 
These IL-RNs are placed on half the way (after 25 km) towards the farthest S-RN in 

































































































































































































Fig. 4.36. Evolution of signal, pump and OSNR along the PON. Strong 
dynamics appear only at the power splitter of the tree. 
 
Due to the remote pumping scheme via the upstream ring, the signals benefit from 
Raman gain when passing from the ONU to the OLT. A comb of six wavelengths 
(λC1...λC6), sliced out of amplified spontaneous emission and containing an equivalent 
power as a tree signal so that PλCi = PλS = PλD for each of its wavelengths, was fed 
together with the tree signals to cope with a potential Raman pump depletion in a real 
scenario. For this latter reason the comb was dropped at the C-RN, forwarded to the 
reflective comb-ONU (C-ONU) and inserted into the upstream ring with an equivalent 
power level as the tree signals that are dropped at the S-RN. This emulates a multiple 
wavelength drop from the downstream ring and insertion into the upstream ring at the 
same time, and takes pump depletion and a reduced inline amplification gain in the IL-
RNs into account. The C-ONU is thereby kept as simple as possible and contains a 
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RSOA that is solely used as amplifier, whose input power was adjusted by an attenuator 
(AC) to accommodate for the required power level that is inserted into the upstream 
ring. The incorporation of the C-RN into the PON is mainly motivated by a simple but 
realistic setup which takes several transmission-related impairments into account to 
guarantee an accurate evaluation of the chosen modulation format. 
 
The power levels for the pumps and the data signal (λS) along the PON are illustrated 
together with its OSNR in Fig. 4.36. As the 8 downstream signals pass the IL-RN (C-
D), they experience a net gain of 0.5 dB while the insertion losses of this RN are 
compensated. The drop losses at the S-RN (E-F) are 4.5 dB and the OSNR degrades in 
the drop amplifier (F-G) by 3.1 dB and keeps a level of 40.7 dB. The tree interface loss 
(G-H) of 1.4 dB in the RN and mainly the high splitting loss of ~12.3 dB in the tree (H-
I) cause an input power in the ONU (I) as low as -13.3 dBm. This leads together with 
the 50/50 coupler at the ONU to a strong OSNR degradation of 9.1 dB to 31.6 dB at the 
output of the ONU, which is also pronounced due to the high noise figure of the RSOA. 
The low net gain (I-J) of 2.9 dB at the ONU, limited by the commercial low-gain 
RSOA, provides also a low input of -24.1 dBm into the upstream amplifier (L-M) in the 
S-RN. The OSNR is therefore further degraded by 4.8 dB and settles at 26.8 dB. For a 
higher ONU net gain this degradation could be significantly reduced. Although there is 
no visible Raman gain for the upstream signal on the pass through the first traversed 
ring spool (N-O) on the way to the OLT, the loss of the second ring spool (P-Q) is 
compensated and the signal experiences an additional gain of 2 dB. 
 There has been no strong pump depletion observed for the upstream Raman 
amplification (P-Q) since the injected signal is quite low with -16.5 dBm per 
wavelength. The pump arrives with 13.1 and 10.4 dBm at the S-RN (N, R), which is 
strong enough for the low-doped HE980 EDFs used inside the RN [8]. The difference in 
the pump values derives from the pass through the C-RN (T-S) and the additional short 
fiber spool (S-R) for the second pump. The average kilometric loss experienced by the 
pump sent at 1480 nm via the SMF was 0.229 dB/km. For the case of having multiple 
RNs connected to the ring, the required pump will increase according to the pass-
through losses for signal and pump, as described earlier, and due to the dropped pump 
power levels for the feed of the EDFs.  
 
The downstream BER, presented in Fig. 4.37(a), is shown for 5 Gb/s with a PRBS of 
length of 2
31
-1 and for 10 Gb/s with a PRBS length 2
7
-1. The FEC gain for a 
downstream ER of 3 dB at these data rates is 6.3 and 5.5 dB, respectively. The power 
margins can be therefore raised to 8.5 and 5.9 dB. The penalty in sensitivity, which 
arises due to a reduced downstream ER when compared to an ER >10 dB, is then 6.7 
and 6.5 dB for the FEC level, as it is also shown in Fig. 4.38(a). Note that if the ER is 
chosen with <2 dB for the downstream signal, no transmission can be established, even 
when incorporating FEC. On the other hand, once the ER is increased to 5 dB, which is 
the optimum ER with FEC for a data rate of 5 Gb/s as will be proven shortly, this 
penalty is reduced to 4.2 dB and allows a margin of 11 dB. 
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Fig. 4.37. BER measurements for (a) the downstream (solid curves: 5 Gb/s, 
PRBS 2
31
-1, dashed curves: 10 Gb/s, PRBS 2
7
-1), (b) the upstream at 5 Gb/s 
(solid curves: PRBS 2
7
-1, dashed curves: 2
31
-1, filled markers: no 
cancellation, blank markers: cancellation) and (c) the upstream at 10 Gb/s. 
Single ended arrows indicate the obtained power margins for the reception. 
 
For the case that the feed-forward downstream cancellation is applied, continuous-mode 
upstream transmission at 5 Gb/s can be provided for a low BER of 10
-10
 up to a 
downstream ER of 3 dB, as can be seen in Fig. 4.37(b). The penalty that is introduced 
by the remaining unsuppressed downstream is then 1.7 dB for a PRBS length of 2
7
-1 as 
presented in Fig. 4.38(b) and increases to 5.3 dB for a PRBS 2
31
-1. This penalty is 
attributed to RSOA-induced patterning. The dependence on the PRBS is reduced at the 
FEC level, where the difference is <0.6 dB. When incorporating FEC, the reception 
penalty can be kept <1 dB for ERs up to 3 dB, and raises to ~4.1 dB for an ER as high 
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Fig. 4.38. Penalties in sensitivity for (a) down- and (b) upstream, referenced to 
a downstream ER of >10 dB and 0 dB, respectively. For the downstream, the 
penalties are only shown for ERs where an upstream can be provided. Solid 
curves indicate a data rate of 5 Gb/s, while dashed curves correspond to a 
data rate of 10 Gb/s. Blank and filled markers refer to an operation without 
and with downstream cancellation. (c) Power margins for down- and 





-1, respectively, while filled and blank markers indicate the presence and 
absence of the downstream cancellation. 
 
Without cancellation, the downstream ER is limited to 3 dB for the use of FEC, 
whereby the crosstalk from the downstream pattern into the upstream already causes a 
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penalty of 7.2 dB. A BER of 10
-10
 can only be reached with a low ER of 1 dB, where 
the upstream transmission suffers already from a penalty of 8.7 dB at a PRBS of length 
2
7
-1, proving again the need for a downstream suppression technique. 
 The upstream power margins obtained for a downstream ER of 3 dB and a data rate 
of 5 Gb/s are 12.7 and 7.7 dB at a BER of 10
-10





respectively. This ER is compatible for full-duplex transmission without FEC (red 
shaded area in Fig. 4.39. At the FEC level, the margins are 20.2 dB for both PRBS 
lengths, resulting in a FEC gain of 7.5 and 12.5 dB. Note that this high margin at the 
FEC level is not given for the optimum downstream ER (and is therefore not reported in 
Table 4.1). Instead, an ER of 5 dB would be favored with FEC (green shaded area in 
Fig. 4.39), since the margins are more balanced: while the upstream margin is still 16.8 
dB, the downstream margin is increased to 10.5 dB, and therefore 2.5 dB higher than for 
an ER of 3 dB. 
 










optimum ER [dB] 3 5 - 3 
DS margin [dB] 2.2 11 0.4 5.9 









Table 4.1. Optimum downstream ER and corresponding power margins for 
the case of a present downstream cancellation. Values for the upstream 
margin are shown for a PRBS 2
7




The patterning induced by the RSOA due to its carrier recovery dynamics is also visible 
for pure upstream modulation with continuous-wave light injection, where the 





 The burst-mode measurements, presented in Fig. 4.39 for a PRBS length of 2
31
-1 and 
an applied downstream cancellation, confirm that there is no significant penalty 
introduced by the remotely pumped EDF stages in the S-RN. The overshoot of the gain 
transient, measured between begin and end of the data packet, has been found with 0.55 
dB. Compared to the continuous-mode transmission the burst-mode penalty is ~1 dB for 
downstream ERs of 0, 3 and 5 dB. While the reception sensitivity is decreased by 6 dB 
compared to the APD-based OLT receiver due to the use of a less sensitive PIN diode, 
the error floors that arise for present downstream stay at the same BER level and are not 
further degraded due to the burst-mode traffic. 
 For an increased upstream data rate of 10 Gb/s only a word length of 2
7
-1 leads to 
continuous-mode upstream reception at the FEC level as it can be seen in Fig. 4.37(c). 
This limitation for the upstream is also pronounced by the insufficient electro-optical 
bandwidth of the RSOA, which now affects not only the upstream modulation but also 
the downstream suppression. Without cancellation, only a downstream ER of 1 dB leads 
to a compatible situation for full-duplex data transmission while the ER can be extended 
to 3 dB applying cancellation. However, a large penalty of 12.5 dB is experienced in 
this case and leaves a margin of just 0.1 dB. 
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Fig. 4.39. Burst- (solid curves) and continuous-mode (dashed) upstream BER 
measurements. The insets show the data packets at the OLT receiver. 
 
Although the feed-forward downstream cancellation technique has been proven to be 
feasible for RSOA-based ONUs at data rates of 5 Gb/s that are also targeted for NG-
PON standards, severe penalties exist for higher data rates due to the limited electro-
optical modulation bandwidth of commercial devices. All-optical downstream 
suppression techniques that are not bound to electro-optical schemes will perform 




4.5 All-Optical Downstream Cancellation by Carrier Recovery 
The efficiency of this electro-optical feed-forward cancellation technique depends 
strongly on the modulation bandwidth on the upstream transmitter, and so does the 
reception sensitivity for the upstream. Unfortunately, commercial low-cost devices are 
far from providing a sufficient large bandwidth for 10 Gb/s upstream transmission, 
while access standards are already targeting this relative high data rate. 
 As a solution for the required cancellation procedure, an optically assisted technique 
can offer a more data rate independent performance as it is often the case for all-optical 
subsystems (e.g. the gain of a SOA does not depend on the data rate of the signal for 
access applications up to 10 Gb/s and quantum dot SOAs can extend the data rate of the 
amplified signal up to 40 Gb/s). 
 In this section the optical memory effect of a passive optical resonator is exploited to 
recover an optical carrier out of the downstream signal. This not only provides a better 
efficiency for the cancellation, as will be proven, but also a greener solution since the 
electro-optical upstream modulator has to be driven by just the upstream data signal.  
 
 
4.5.1 Principal Scheme 
The design of the all-optical downstream suppression, sketched in Fig. 4.40(b), relies on 
the use of a passive optical resonator that is placed at the ONU and tuned at the carrier 
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wavelength [174]. Acting as a spectrally periodic filter, the optical resonator partially 
recovers the carrier wavelength and effectively suppresses the modulation within the 
downstream signal. An optical filter with a periodic frequency transfer function such as 
a Fabry-Pérot filter (FPF) is used to provide its functionality as optical memory element 
and at the same time maintains colorless operation due to the spectral periodicity of the 
filter. A following SOA element that can be part of the upstream transmitter further 












Fig. 4.40. (a) Traditional electro-optical feed-forward cancellation and (b) all-
optical downstream suppression technique. 
 
 
4.5.2 Analytical Model 
In the time domain, the cavity effect leads to a smoothing of the signal envelope. A 
present non-return to zero (NRZ) bit pattern can be suppressed since light from mark 
bits is filling up the space bits for an appropriate design of the filter. The output field 
Eout is related to the input field Ein via the reflectivity R of the FPF facets and the round 
trip time Trtt of the signal inside the cavity, taking multiple reflections and the 
transmission of the filter into account. 
 
0
( ) (1 ) ( ) kout in rtt
k
E t R E t kT R
∞
=
= − −∑  (4.66) 
 
The input signal is defined by the downstream pattern πDS and the pulse shape A of the 
NRZ pulses that are transmitted at the optical frequency ω with a certain bit duration Tb. 
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The bits of the downstream are considered to be chirped Super-Gaussian pulses similar 
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In the frequency domain, the optical carrier recovery scheme translates to the filtering of 
the optical carrier while the modulation information is rejected. 
 
( )( ) ( )out inE f H f E f=  (4.69) 
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where FSR is the free spectral range of the filter. The response for the magnitude and 
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and the FSR is defined by the optical length of a full circulation inside FPF, which 
depends on its geometrical length L and its refractive index n. For the desired 
application as carrier recovery the FSR should be matched with a multiple M of the 
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The relation between the reflectivity and the filter finesse F, which is a typical design 




















The decay of light inside the FPF is given by the bandwidth δν of the FPF 
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δν =  (4.74) 
 
considering high values for the reflectivity close to unity. The number N of bits that fit 












Since the round trip time and the data rate B of the data signal are matched, N becomes 
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considering equation 4.73 and again high values for the reflectivity. 
 However, what matters is the decay during the maximum number of consecutive 
identical space bits in a given data stream. The exponential decay of optical power Pout 
towards the residual power during the space bits follows the function 
 









∆ = −  (4.77) 
 
the maximum swing in optical power ∆P due to a block of consecutive identical bits in 
the downstream with extinction ratio ERin is determined by average optical power Pavg 
at the FPF output and the power level that is present during the space bits. 
 The average power itself depends on the maximum transmission Tmax of the FPF and 
the average input power, while the power during the space bits is related with the ER 
and the maximum power Pmax that is present at the output of the FPF. This power 
follows the mark bits of the downstream signal and the transmission of the filter. 
 












The maximum transmission of the FPF can be retrieved with 
 

















where α is the cavity loss. For a PRBS of length 2
z
-1 and a data rate Rb, the radix z 
determines the number of consecutive identical bits. The worst case of having z space 
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However, the maximum power level Pmax will never be reached due to the finite filling 
of the cavity with light. The maximum power level that will be reached with a 
consecutive number of z mark bits that appear at time point t1 is 
 
max, 1 max 1 expz
bb
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 1 max avgP P P∆ = −  (4.82) 
 
and therefore the effective residual ERout expressed by the physical design parameters of 
the FPF is 
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The finite filling speed for consecutive number of mark bits will not only cause a 
reduction in the output ER but also an additional filtering loss that increases the net 
transmission loss of the filter. 
 Note that ERout in equation 4.83 corresponds to a peak value for the remaining 
downstream ER, which is only given for the worst case of having z consecutive 
identical bits that appear with a probability of 2
-z
 inside the PRBS [175]. An average 
ERout value for the PRBS does not make sense, since the worst-case ERout has to be 
taken into account. This is he case where a few errors can be introduced, causing error 
floors at low BER levels, as will be discussed shortly in course of an experimental 
validation. 
 Further, the passive resonating circuit will be subject to temperature fluctuations δT 
due to the temperature sensitivity of the device parameters. The resonance frequency 
will be affected due to variations in the refractive index and the cavity length by a shift 
δf that is normalized to the FSR. 
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Typical values are 10
-5
/°C for (dL/dT)/L and 5 10
-7




The carrier recovery with FPF-assisted downstream cancellation is expected to provide 
relative low residual patterning even with high initial downstream ER. For a first 
assessment of this technique, a FPF with a finesse of 40 that is matched in its FSR to a 
10 Gb/s data signal and a consecutive SOA whose input power was -13 dBm is used for 
simulation. The analytical SOA model from chapter II was applied for this reason. The 
downstream pulses were not chirped. 
 Fig. 4.41 shows the output of the FPF for a downstream constituted by a PRBS of 
length 2
7
-1 with infinite ER. A residual power level is already visible over the duration 
of the whole data signal and the spectral components of the data signal have been 
mostly suppressed. However, severe patterning exists but can be further reduced by the 
consecutive SOA (Fig. 4.42). 
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Fig. 4.41. FPF-assisted carrier recovery with a downstream of infinite ER as 






Fig. 4.42. Improvement due to a SOA after the FPF. (a) SOA in- and output 
signal and (b) their spectra. 
 
Just by an increase of the filter finesse to 100, the residual patterning is reduced in its 







Fig. 4.43. Improvement due to an increased filter finesse. (a) SOA in- and 
output signal and (b) their spectra. 
 
In a practical implementation a lowered downstream ER will not introduce a significant 
penalty as long as it stays in the range of 6 dB or higher. The residual downstream ER at 
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the output of the FPF before the SOA is shown in Fig. 4.44 for a finesse of 100 and 
different initial downstream ERs and PRBS lengths.  
 
 
Fig. 4.44. Residual ER after the FPF-assisted carrier recovery as function of 
the downstream (input) ER and the PRBS length. 
 
The eye diagrams for the upstream that reuses the recovered carrier after the FPF 
(without SOA) as optical seed are shown in Fig. 4.45 for full-duplex 10 Gb/s 
transmission with an ideal upstream transmitter. The downstream ER was chosen with 3 






Fig. 4.45. Upstream eye diagrams for remodulation at the FPF output. The 
downstream ER was (a) 3 dB and (b) 6 dB. 
 
As can be seen when comparing with the previous results, the mark rail stays relative 
thin for this relative low ER. The impact of a consecutive SOA is shown in Fig. 4.46 for 
a high downstream ER of 9 dB. While for the case without SOA the upstream eye in Fig. 
4.46(a) shows a remaining downstream ER of 2.1 dB due to the transients at the output 
of the FPF that are also visible in the recovered carrier in Fig. 4.46(b), an additional 
SOA shows significant improvement; The recovered carrier is further smoothed as it is 
obvious from Fig. 4.46(d) so that the residual downstream in the upstream transmission 
is reduced to an ER of 0.8 dB as it is visible from Fig. 4.46(c). 
 
 
141  Chapter IV. Full-Duplex ASK on a Single Wavelength 









Fig. 4.46. Upstream eye diagrams (a),(c) and recovered optical carrier (b),(d) 
for a downstream ER of 9 dB. The use of a SOA after the FPF (c),(d) 
improves the transmission quality for the upstream significantly. 
 
 
4.5.4 Experimental Validation 
The FPF-assisted downstream cancellation was experimentally proven in its ability to 
erase a high data rate 10 Gb/s downstream signal while remodulating with a lower data 
rate 2.5 Gb/s upstream and further analyzed in its ability to extend the loss budget for 
full-duplex 10 Gb/s transmission in WDM- and hybrid PONs. 
 
 
Proof of Principle 
 
The suppression of an incident data pattern, which translates into the aforementioned 
cancellation efficiency, was investigated as a first figure of merit. A FPF with a FSR of 
10 GHz and a finesse of 40 was placed in front of a RSOA, which will later play the 
role of the reflective upstream modulator as illustrated in Fig. 4.47(a).  
 The FPF was a fiber-based device with integrated piezo-based stabilization circuit for 
maintaining the comb transfer function. The FPF was aligned with the downstream to 
obtain optimal suppression. The FPF is aligned with respect to the incident data signal 
by fine-tuning of its spectral transmission function inside the FSR rather than over the 
full operating wavelength range. The FPF transmission is in principle designed to match 
with the downstream wavelength grid. While the FPF might be aligned with most of the 
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downstream channels, wavelength drifts of the downstream laser diodes may require a 
fine tuning at some of the branches of the WDM network. 
 The residual polarization sensitivity afforded controllers to optimize the response. 
However, this can be avoided with an integrated design where the FPF is replaced by 
e.g. non-reflective and polarization-insensitive ring resonators [177]. 
 For comparison, a standard ONU without FPF was also implemented. In this 
alternative ONU, the optical gain saturation of the RSOA is solely used as natural 
compression of the downstream. The same TO-can RSOA as in the experiment with the 
hybrid PON and feed-forward cancellation was used but in this first proof-of-concept 
without equalizer so that its intrinsic modulation response – good enough for 2.5 Gb/s 
transmission as can be seen in Fig. 4.47(b) – is exploited. The optical input power at the 






























































































































Fig. 4.47. (a) Experimental setup for the evaluation of the proposed all-optical 
carrier recovery technique at the FPF-assisted ONU, which is supported by an 
optical filter with controlled spectral periodicity. (b) Optical gain spectrum and 
electro-optical response of the RSOA for an input power of -10 dBm. 
 
The cancellation efficiency, shown in Fig. 4.48(a), is defined as in chapter IV.4.4 
between the ONU input and the RSOA output signal. For a standard ONU design 
without FPF, the gain saturation effect of the RSOA leads to a natural suppression of 
the present pattern with an efficiency of ~50%. For a downstream ER of 3 dB the 
pattern remains with an ER of 1.5 dB and causes severe crosstalk into the upstream. 
 When the FPF is used inside the ONU, the downstream is further suppressed and is 
left at the recovered optical carrier with only 0.2 dB for this ER, corresponding to a 
cancellation of 93%. For higher ERs the PRBS length starts to affect the signal 
cancellation due to the large number of consecutive zeros and the limited memory effect 
of the filter for a given finesse value. This can be observed for ERs > 6 dB where a 
PRBS of length 2
31
-1, indicated by the solid lines in Fig. 4.48(a), suffers from a slightly 
reduced cancellation efficiency when compared to a short PRBS of length 2
7
-1 (dashed 
lines). However, this reduction is small with <3% and proves that this technique is 
suitable for GPON systems. With a higher finesse of the FPF, which effectively 
translates to a stronger filter memory effect, this sensitivity to the word length can be 
reduced. Compared to the gain saturation of the RSOA, the suppression of the 
downstream can be maintained even for high ERs of 6 and 9 dB, for which the 
remaining ER for a PRBS of length 2
31
-1 is as small as 0.4 and 1 dB, respectively. Fig. 
 
143  Chapter IV. Full-Duplex ASK on a Single Wavelength 
   
4.48(b) shows the recovered optical carriers at the output of the FPF-assisted ONU for 





respectively. The FPF had 2 dB insertion loss, whereas an additional loss between 0.3 
and 1 dB for ERs from 3 to 9 dB was induced due to the filtering function of the FPF as 
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Fig. 4.48. (a) Cancellation efficiency and remaining ER as function of the 





-1, respectively. Values are mentioned for the long PRBS. (b) 
Recovered optical carrier at the output of the FPF-assisted ONU for a 
downstream ER of 9 dB. The arrows on the right indicate the reference level 
of the PIN detector. (c) Upstream eye diagrams for both ONU designs and 
different downstream ERs. 
 
The impact of the cancellation efficiency on the upstream transmission was assessed 
with BER measurements. The standard ONU already suffers from an upstream 









, respectively. The error floors that arise for the longer 
PRBS are caused by gain dynamics of the RSOA. As can be seen in Fig. 4.49(a) no 
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Fig. 4.49. Upstream BER for (a) the standard ONU and (b) the FPF-assisted 





respectively. The insets show the eye diagrams for different downstream ERs 
and a PRBS length of 2
31
-1. (c) Penalty curves for upstream and downstream 
reception, referenced to a downstream ER of 0 and ∞ dB, respectively. Filled 






On the contrary, the FPF-assisted ONU allows to operate at large downstream ERs of 6 
and even 9 dB, for which the penalties are 2.5 and 5.8 dB for a short PRBS at a BER of 
 




 and 0.8 and 1.4 dB for the long PRBS and FEC (Fig. 4.49(b)). A small penalty of 
0.2 dB is given for the downstream-less case when compared to the standard ONU, 
which is attributed to the additional loss and OSNR degradation that is caused by the 
FPF and the circulators. This difference in the performance of the two ONU designs is 
also obvious from the upstream eye diagrams, which are presented in Fig. 4.48(c). 
 The reception penalties for up- and downstream are shown in Fig. 4.49(c), whereby 
the reference is given for a downstream ER of 0 and ∞ dB, respectively. For the 
standard ONU, an ER of 3 dB would already lead to penalties > 4dB for both data 
streams since upstream transmission is prohibited for larger ERs. The penalties for the 
FPF-assisted ONU are much smaller as the downstream reception benefits from the 
robustness against crosstalk at larger ERs. While for an ER of 6 dB the penalties are 2.2 
and 2.5 dB for down- and upstream reception without FEC, penalties <1.5 dB can be 





To validate the performance of the all-optical carrier recovery and investigate its 
operating range, a further experimental characterization regarding the PRBS length and 
filter bandwidth of the FPF was carried out. For this investigation that considers the 
upstream reception penalty as the figure of merit, the RSOA at the ONU in Fig. 4.47(a) 
was replaced by a combination of MZM and EDFA, to avoid additional patterning 
effects in the upstream modulator [117,118]. The driving conditions of the MZM and 
the EDFA input power and gain were adjusted to provide the same upstream ER, net 
ONU gain and OSNR at the ONU output. Note that for this following study the receiver 
at the OLT was replaced by a PIN diode since no detuned optical filter is required to 
achieve upstream transmission at 10 Gb/s thanks to the large inherent modulation 
bandwidth of the MZM, and hence no optical losses are introduced by the optical band-
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Fig. 4.50. Upstream BER for (a) a PRBS 2
31
-1 and different downstream ERs, 
and (b) a fixed downstream ER and different PRBS lengths. (c) Recovered 
optical carrier after the FPF for the case of experiencing the largest number of 
consecutive identical mark bits inside the PRBS. 
 
Fig. 4.50(a) shows the upstream reception performance for the long PRBS length of 
2
31
-1 at the down- and upstream data pattern. Compared to the previously studied case 
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with a PRBS 2
7
-1, the optical memory effect by the FPF is not strong enough anymore 
to prevent amplitude fluctuations in the recovered optical carrier and, consequently, the 
longer sequence of consecutive identical bits causes an error floor slightly above 10
-9
 in 
case of a downstream ER of 9 dB. As it is also obvious from equation 4.83, the BER 
performance could be improved by choosing either a higher finesse F or, in case that 
this is not possible for some reason as in the presented experimental case where no FPF 
with higher finesse was available, a lower downstream ER; The swing in the amplitude 
fluctuations is reduced once the downstream ER is, and for an ERs of 7.5 dB a BER 
level of 10
-9
 can be obtained, leaving just a penalty of 2.3 dB compared to the 
remodulation of an optical carrier without present downstream pattern. Note that this 
reduction of the ER leads to a theoretical increase in the reception penalty for the 
downstream of 0.46 dB.  
 The dependence of the upstream performance on the PRBS length for a fixed 
downstream ER of 9 dB is presented in Fig. 4.50(b). As it is obvious, error floors appear 




-1. Fig. 4.50(c) shows the residual pattern of a 
downstream with an ER of 9 dB for consecutive identical mark bits in case of the two 




-1. The latter causes a slightly higher swing in the 
amplitude fluctuations of the recovered optical carrier. 
 Fig. 4.51(a) shows the measured upstream reception sensitivity at a BER of 10
-9
 for 
various downstream ERs and PRBS lengths. For low and intermediate values of the 
downstream ERs, there is no significant penalty for a long PRBS since the finesse of the 
chosen FPF is sufficiently high to prevent error floors from raising above this reference 
BER level. Once the downstream ER increases to 7.5 dB and above, penalties are 
introduced for longer PRBS lengths and even prevent reaching error-free operation for 
data pattern with lengths of 2
23
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Fig. 4.51. (a) Upstream reception sensitivity for a BER of 10
-9
 as function of 
the downstream ER and the PRBS length. The dark area on the top right 
indicates a BER floor above 10
-9
. (b) Upstream BER for different downstream 





Being a component with a spectrally periodical transfer function, the FPF obviously 
provides a wavelength-agnostic solution that is compatible to WDM-based transmission 
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systems. To demonstrate colorless operation of the all-optical downstream cancellation, 
upstream measurements have been performed for a downstream ER of 9 dB, a filter 
bandwidth of 0.21 GHz and a PRBS 2
11
-1 for different wavelengths. As can be seen in 
Fig. 4.51(b), the reception sensitivity at a BER level of 10
-9
 differs by just 0.9 dB. The 
larger reception penalty of ~2 dB for the wavelength at 1560.61 nm is attributed to the 
roll-off of the C-band EDFA gain profile, which was already located at this upper 
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Fig. 4.52. (a) Upstream BER for a PRBS 2
11
-1 and a downstream ER of 9 dB 
for different FPF bandwidths, (b) the FPF loss and (c) the signal spectra for 
the incident downstream and the recovered carrier, whose optical power 
levels are referenced to the one of the optical carrier wavelength at 1551.72 
nm of the downstream. 
 
The previously discussed effect of the finesse, which is related to a certain filter 
bandwidth δf, is addressed in Fig. 4.52(a) that shows the upstream performance for a 
downstream ER of 9 dB. Since the highest finesse of available FPFs was 47, results are 
shown for a PRBS 2
11
-1 and the finesse is gradually reduced to investigate the impact 
on the error performance. 
 The reception sensitivity of the original FPF with δf = 0.21 GHz can be still kept 
with a slightly wider bandwidth of 0.55 GHz. However, with a further increase of the 
bandwidth, power penalties and error floors are introduced, since the effect of 
downstream cancellation is lost. As a result, a filter bandwidth of approximately half the 
data rate already prevents to reach the FEC level. 
 Note that the downstream cancellation effect with a spectrally narrow filter is bound 
to optical losses since the modulation information of the incident light signal is rejected 
on its way to the upstream modulator. These losses are presented in Fig. 4.52(b) for the 
two extreme cases of δf = 0.21 and 5.19 GHz. Although the filtering loss of the more 
appropriate narrow filter bandwidth is increased for higher modulation indices, this 
extra loss of 1.2 dB for a downstream ER of 9 dB is relatively small compared to the 
unavoidable FPF insertion loss that is experienced when passing an unmodulated optical 
carrier. The spectra of the incident downstream signal and the recovered optical carrier 
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Symmetrical 10 Gb/s WDM-PON with RSOA-based ONU 
 
Both ONUs were embedded in a WDM-PON for further evaluation (Fig. 4.53). 
comprising a dual feeder and a drop SMF with 25 and 6 km of length. A detuned BPF 
was used as for the feed-forward cancellation to achieve 10 Gb/s operation with the 
RSOA and DCFs at the OLT cope for dispersive effects in the transmission. The ratio of 
the optical coupler (CO) inside the ONU was chosen with 10/90 to favor the upstream 













































































Fig. 4.53. WDM-PON with single wavelength reuse, assisted by an optical 
downstream cancellation. 
 
The downstream was launched with 6 dBm from the OLT. The OSNR was 46.8 dB for 
an ER of 3 dB after the OLT booster and 40 dB after remodulation with the RSOA at 
the ONU, whose net gain is limited to 5.8 dB due to the low small signal gain of the 
RSOA. The OSRR was >29 dB for down- and upstream and thus no degradation is 
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Fig. 4.54. BER measurements for (a) the downstream with a PRBS 2
31
-1 and 
(b) the upstream, for downstream ERs reaching from 0 to 9 dB. For the latter, 
solid lines indicate the ONU with all-optical downstream cancellation (FPF), 
while dotted lines belong to the standard (std) ONU; filled markers correspond 
to a PRBS 2
7




The downstream BER performance for the standard ONU, which is not included in Fig. 
4.54(a) for sake of brevity, benefits by the missing circulator loss; However, ERs larger 
than 3 dB are not compatible with upstream modulation for this ONU as it is obvious 
from Fig. 4.54(b).  
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 On the contrary, the FPF-assisted ONU allows downstream ERs up to 6 dB for 
upstream transmission at the FEC level and a PRBS of 2
31
-1. With an ER of 9 dB there 
is a penalty of only 3.4 dB at a BER of 10
-10
 for a PRBS of 2
7
-1 when compared to the 
downstream-less case. The penalty suffered from a long PRBS of 2
31
-1 is already 6.8 
dB at a BER of 10
-10
 without downstream pattern. As can be seen from the 
measurements with the standard ONU, this dependence on the PRBS is not caused by 
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optimum ER [dB] 9 9 9 
DS margin [dB] 2.5 8.0 8.0 
US margin [dB] 7.1 7.1 15.0 
Imbalance [dB] 4.6 0.9 7 
 
Fig. 4.55. (a) Penalties in sensitivity, referenced to an ER of >10 dB for the 
downstream and to an ER of 0 dB with a PRBS of 2
7
-1 for the upstream, (b) 
power margins for the ONU with the FPF (solid lines: BER of 10
-10
, dotted 
lines: BER of 10
-4
, dashed lines: standard ONU, BER of 10
-4
). (c) Optimum 
downstream ER and corresponding power margins. The imbalance in the 
margins is defined as the absolute difference between the down- and 
upstream margins. 
 
The penalties in the sensitivity are shown in Fig. 4.55(a). The standard ONU suffers 
from a strong penalty once the ERs is increased, causing already 4.6 dB at an ER of 3 
dB for the short PRBS while the FPF-assisted ONU is penalized with just 1.6 dB. For 
an ER of 9 dB the penalty for the same PRBS is 2 and 3.4 dB for down- and upstream, 
respectively. This results in an extended and optimized power margin at this ER as can 
be seen in Fig. 4.55(b). Once FEC is included in the more critical downstream 
reception, the margins are balanced with a higher ER of 9 dB to 8 and 7.2 dB for down- 
and upstream, leading to maximum PON budgets of 21.5 and 20.7 dB. These margins 
are already feasible for WDM-PONs. Note, however, that due to the loopback 
configuration of the WDM-PON the seed budget of the RSOA has to be taken into 
account as well. In this case, the loss budget would be limited to 13.5 dB due to the 
chosen downstream launch and ONU input power that was compromised to a high value 
by the low-gain RSOA. However, loopback configurations with high-gain RSOAs able 
to operate at optical power levels as low as -20 dBm have been already demonstrated in 
chapter III.5. 
 Compared to a typically chosen ER of 3 dB as for the electrical feed-forward 
cancellation approach, with margins of 5.5 and 9.3 dB, additional improvement 
 
149  Chapter IV. Full-Duplex ASK on a Single Wavelength 
   
regarding the balanced margin is achieved with the higher optimal ER of 9 dB thanks to 
a significant reduction of the downstream reception penalty. If FEC is also used for the 
upstream, its margin raises to 15 dB at an ER of 9 dB, leaving the downstream margin 
of 8 dB as the limiting factor. Note that the downstream margin could be alternatively 
optimized by changing the splitting ratio of the coupler CO inside the ONU. 
 
The all-optical carrier recovery approximates therefore the performance of ideal 
orthogonal modulation formats that benefit from the intrinsically small remodulation 
penalty of frequency or phase modulated downstream signals, however, without 
utilizing complex modulators at the OLT. What is left is the experimental validation in a 
hybrid PON with extended reach and loss budget. 
 
 
Symmetrical 10 Gb/s Extended Reach WDM/TDM-PON with RSOA-based ONU 
 
The FPF-assisted ONU was further integrated in the same hybrid ring+tree PON 
presented in chapter IV.4.4 (Fig. 4.34) to test its applicability to long reach and OSNR 
degradation. 
 The signal evolution for a downstream ER of 6 dB is as follows. As the eight signals 
that are launched from the OLT pass the IL-RN (C-D), they experience a small gain of 
0.3 dB while the insertion losses of this RN are compensated. The drop losses at the S-
RN (E-F) are 5.1 dB and the OSNR degrades in the drop amplifier (F-G) by 2.9 dB and 
keeps a level of 40.2 dB. However, the tree interface loss (G-H) of 1.4 dB in the RN and 
mainly the high splitting loss in the tree (H-I) cause an ONU input power (I) of -12.7 
dBm. This leads together with the insertion and filtering loss of the FPF at the ONU and 
the high noise figure of the RSOA to a strong OSNR degradation of 10.4 dB to 29.8 dB. 
The net gain (I-J) of 6.7 dB at the ONU, which is limited by the low-gain RSOA, 
provides a low input of -23.7 dBm into the upstream amplifier (L-M) in the S-RN. 
However, the OSNR is just degraded by 0.1 dB due to the dominating ASE background 
that is already present. Although there is no visible Raman gain on the pass through the 
first traversed upstream ring spool (N-O), the loss of the second 25 km ring spool (P-Q) 
is compensated as the signal traverses and the upstream experiences an additional gain 
of 1.7 dB. 
 Also in this case no strong pump depletion was visible for the upstream Raman 
amplification (P-Q) since the injected signal is low with -12.9 dBm. The pump arrives 
with 11.8 and 8.9 dBm at the S-RN (N, R). 
 
Low BER values of 10
-10
 can be obtained for the downstream with ERs of 6 dB or 
larger (Fig. 4.56(a)), whereby the penalty compared to an ER > 10 dB is already 4.8 dB 
for an ER of 6 dB, leaving a power margin of 0.1 dB. With the incorporation of FEC 
this margin is extended to 6 dB. Also an ER of 3 dB is acceptable with FEC; however, 
the margin is then reduced to 1.7 dB. 
 For the FPF-assisted ONU and a word length of 2
7
-1, ERs up to 6 dB allow upstream 
transmission at a BER of 10
-10
, for which a penalty of just 2 dB is introduced compared 
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to the downstream-less case. The margin is then already as high as 7 dB and can be 
increased to 18.1 dB with FEC. On the contrary, there was no transmission possible 
with the standard ONU at a BER of 10
-10
 once a downstream signal was present, not 
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Fig. 4.56. BER measurements at 10 Gb/s for the FPF-assisted ONU. (a) 
Downstream, (b) upstream (solid curves: PRBS 2
7
-1, dashed: PRBS 2
31
-1), 
and (c) power margins for down- and upstream for different PRBS lengths and 






For a word length of 2
31
-1 error floors appear due to patterning in the RSOA and require 
the use of FEC. At this BER level, ERs of up to 3 dB show a negligible penalty of < 2 
dB with the FPF-assisted ONU, while it raises to 6.1 and >10 dB for an ER of 4.5 and 6 
dB, respectively. It was not possible to reach the FEC threshold for ERs > 3 dB with the 
standard ONU. 
 Compatible downstream ERs for full-duplex transmission are indicated by the 
shaded area in Fig. 4.56(c). The optimum ER that leads to balanced margins for down- 
and upstream can be found with 6 dB regardless of the upstream PRBS length. While 
for a short upstream PRBS the margin is limited to 6 dB by the downstream, a long 
upstream PRBS causes a margin of 5.6 dB that is then limited by the upstream. 
 By applying the all-optical downstream cancellation, the transmission performance 
in the hybrid ring+tree PON can be significantly improved. The all-optical downstream 
cancellation outperforms the more traditional feed-forward approach by keeping the 
crosstalk penalties from remaining downstream patterning lower than 2 dB, even for 
downstream ERs of 6 dB. As already presented in chapter IV.4.4, the feed-forward 
cancellation already requires the mandatory use of FEC at this data rate of 10 Gb/s and 
cannot provide any large margin for the upstream transmission. 
 
 
4.5.5 Possibilities for Photonic Integration 
The all-optical downstream cancellation does not necessarily require a FPF. Each comb 
generating filter can substitute the FPF as long as the free spectral range and finesse are 
chosen in a way to achieve optimal performance. 
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 A suitable photonic structure for integration is a ring resonator [178], which can be 
also cascaded to obtain a wider range of FSR values while keeping the dimensions 
small [179]. Tunability can be provided via thermal heaters that are included together 


































































Fig. 4.57. Photonic integration of the all-optical downstream cancellation. 
 
The ring resonator can be thereby placed after the upstream modulator (Fig. 4.57) to 
avoid the circulators used in the previously reported experiments. In this way the 
passive resonating circuit removes the downstream signal that is first modulated by the 
upstream modulator. Afterwards, a SOA element reflects the recovered carrier back to 
the upstream modulator that can now imprint the data towards the OLT. 
 
 
4.6 All-Optical Downstream Cancellation with Pulse Shaping 
Another kind of all-optical carrier recovery can be constituted by an optical clock 
recovery unit, though the term “carrier recovery” might then be misleading. The optical 


















Fig. 4.58. Principal scheme of the optically assisted downstream cancellation 
with pulse shaping for the optical seed of the upstream modulator. 
 
 
Chapter IV. Full-Duplex ASK on a Single Wavelength  152 
 
The advantage of such an approach is obvious; first, a clock recovery circuit provides 
inherently the pulse shaping for the upstream, so that the quality of the data 
transmission is less dependent from the modulation bandwidth of the low-cost upstream 
modulator. Besides, the downstream is typically modulated with high ER to support the 
clock recovery. This would favor the downstream reception since a penalty due to a 
reduced modulation index is avoided. 
 Though these aspects seem to be apparently strong arguments for this method of 
wavelength reuse, the practical implementation is bound to some complexity. The clock 
recovery process relies on the synchronized circulation of optical pulses inside a 
matched cavity, which leads to a filling of spaces in the bit stream with optical pulses. 
In the alternative representation in the frequency domain, the clock component that can 
be found at multiples of the data rate is extracted by a spectrally periodic filter with high 
finesse, similar as for the all-optical carrier recovery technique. To provide a clock 
component, pulse carving is applied at the transmitter, which leads to a return-to-zero 
(RZ) modulation for the downstream. Further, to reuse the optical clock efficiently at 
the ONU, symmetrical data rates should be chosen for down- and upstream since 
otherwise a single bit in the upstream is composed by multiple pulses. 
 
The capability of the clock recovery to provide a suitable seed for the upstream 
modulator can be investigated similarly as in chapter IV.5.2, by choosing the RZ pulse 


















As for the all-optical carrier recovery, the residual amplitude modulation of the 
recovered clock is considered as the figure of merit. 
 




















































Fig. 4.59. Incident RZ downstream signal at the FPF and (b) recovered optical 
clock at the FPF output. 
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Fig. 4.59(a) shows the incident RZ downstream at the FPF input, whose FSR was 
matched with the downstream data rate and whose finesse was set to 40. Thanks to its 
optical memory effect, the spaces in the bit stream are filled with optical light, though 
the envelope of the optical clock stream, presented in Fig. 4.59(b) and 4.60(a), is 
patterned. The filtering effect of the optical cavity is obvious from the electrical 
spectrum in Fig. 4.60(b), which shows the suppression of the data modulation while the 
clock harmonics are left. 
 











































































Fig. 4.60. Recovered optical clock for a FPF with a finesse of 40. (a) FPF 
output signal and (b) the spectra at the FPF in- (top) and output (bottom). 
 
A reduction of the residual intensity fluctuations can be obtained with a subsequently 
used SOA. Fig. 4.61 shows the beneficial exploitation of the gain saturation effect for 
an input power of -13 dBm. As can be seen, the intensity modulation of the optical 
clock is reduced significantly. 
 








































































































Fig. 4.61. Improvement of the optical clock by reducing the intensity 
modulation in its envelope with the help of a saturated SOA. (a) SOA in- and 
output signal and (b) their spectra. 
 
The relative large patterning after the FPF can be reduced by increasing the finesse of 
the filter. Fig. 4.62 shows the output of the FPF and the SOA for a finesse of 100, which 
reduces the patterning significantly once the cavity of the FPF is filled with light. 
 
The low amplitude variations of the generated optical pulses demonstrate the feasibility 
of the clock remodulation method. 
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Fig. 4.62. FPF and SOA output for a finesse of 100. Signals in (a) the time-
and (b) the frequency domain. 
 
 
4.6.2 Experimental Validation 
A principal proof of the optical clock remodulation method was carried out in a simple 
WDM-PON, presented in Fig. 4.63. The RZ downstream was generated at a wavelength 
of 1556.55 nm with an EAM as pulse carver and synchronized data modulation at 10 
Gb/s with a MZM. The downstream ER was optimized and > 13 dB. 
 At the ONU, the downstream is first split by a 50/50 coupler (CO) for being detected 
and remodulated. A combination of low-gain EDFA and 10 Gb/s PIN diode was used as 
detector since no APD was available. 
 The clock recovery is constituted by a FPF with a FSR of 10.2278 GHz and a finesse 
of 40, and an inline SOA. The downstream data rate was matched to the exact value of 
the FSR to optimize the performance of the clock recovery. On top of this, an EDFA 
with a low small signal gain of 10 dB was added in front of the SOA since the gain of 
the latter prevented to reach the saturation regime of the amplifier. With this 
combination of amplifiers, sufficient suppression of the residual amplitude modulation 
after the FPF is provided. In a real deployment, the SOA would have to be redesigned to 
meet the requirements. A MZM imprints then the upstream data at 10 Gb/s 





























Fig. 4.63. Experimental setup with wavelength reuse by means of optical clock 
remodulation and fiber-based FPF device. 
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The loss budget of the optical distribution network was fixed to 20 dB with the 
attenuators AD and AU. The downstream was launched with 10 dBm, resulting in an 
ONU input power of -10 dBm. At the input of the EDFA that supports the SOA at the 
clock recovery subsystem of the ONU, the signal arrives with a power as low as -22 
dBm. The OSNR values for a resolution bandwidth of 0.1 nm are 41.5 dB after the OLT 
transmitter and 29.4 dB at the ONU output and the upstream was launched with a power 
of -0.5 dBm from the ONU. 
 The ability of the clock recovery unit at the ONU to provide a suitable optical seed 
for the upstream modulator [181] was assessed in terms of the residual amplitude 
modulation, for which the peak ER of the recovered clock was taken as a figure of 
merit. The corresponding eye diagrams for the recovered optical clock are shown in Fig. 
4.64. 
 In back-to-back conditions without fiber span, the space bits in the bit streams are 
filled with optical pulses by the FPF, however, with stronger residual intensity 





-1, respectively. This initially large remaining patterning is strongly reduced by 
the saturated SOA, whose output signal shows just small amplitude fluctuations with 
peak ERs of 1.7 and 1.9 dB. 
 The inclusion of a 50 km long fiber span between OLT and ONU penalizes the 
performance of the clock recovery, since the downstream signal is affected by 
chromatic dispersion. This leads to increased peak ERs, which are then 2.2 and 3.2 dB 



















Fig. 4.64. Eye diagrams and trace of the recovered downstream clock. The 
arrows in the traces indicate the bit sequence with largest number of 
consecutive space bits within the PRBS. 
 
In case of the upstream, the transmission performance was first evaluated in a back-to-
back scenario without downstream modulation, meaning a continuous-wave feed for the 
ONU and a NRZ upstream. Subsequently, the downstream modulation was switched on 
and the RZ upstream that is imprinted on the recovered clock is characterized for 
different downstream PRBS lengths. 
 Fig. 4.65(a) shows the BER measurements for the NRZ upstream and continuous-
wave seed of the upstream transmitter, while Fig. 4.65(b) shows the performance for the 
RZ upstream that is modulated on the recovered downstream clock. 
 For both cases there is no strong penalty when increasing the PRBS length of the 
downstream. A penalty of 1.1 dB remains for the RZ upstream, which is attributed to 
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the patterning effects of the clock recovery which are not fully suppressed by the 
saturation of the SOA. However, these patterning effects could be also reduced by 
increasing the finesse of the FPF. 
 Note that the apparently improved sensitivity of the RZ upstream compared to its 
NRZ counterpart is caused by the duty cycle of the RZ signal that turns into a power 
conversion penalty of 5.6 dB. With this, there is a reasonable reception penalty of ~3.4 
dB at a BER of 10
-10
 between the two cases of having an ideal optical seed for the 
upstream modulator and the recovered optical clock of the downstream. However, this 
penalty has to be seen as a compromise for having a downstream signal with infinite ER 
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Fig. 4.65. Upstream back-to-back BER measurements for (a) continuous-
wave light seed and NRZ modulation, (b) concurrent RZ downstream 
transmission and remodulation of its recovered optical clock. 
 
The transmission performance over a fiber-based light path is shown in Fig. 4.66 for 
representative PRBS lengths. 
 The BER measurements of the RZ downstream are presented in Fig. 4.66(a). A fiber 
length of 25 km causes a reception penalty of ~5 dB due to dispersive effects; however, 
a BER of 10
-10
 can be still obtained. A high loss budget of 35 dB, found as the 
difference between the downstream launch and the reception sensitivity referenced to 
the ONU input, is compatible and exceeds the nominal budget of 20 dB since the 
reception penalty due to a reduced ER is fortunately avoided for the downstream. When 
the length of the transmission link is further increased to 50 km, there is still penalized 
reception possible at the FEC level, suffering from a penalty of ~9 dB compared to the 
back-to-back case. 
 For the RZ upstream that uses the downstream with dispersion-induced pulse 
broadening as seed for the optical clock recovery, dispersive effects are pronounced due 
to the bidirectional transmission link. As can be seen in Fig. 4.66(b) where also results 
of Fig. 4.65(b) are partially added for comparison with the back-to-back case, the PRBS 
penalty increases. This stems from the degraded clock signal and causes already an error 
floor for a long PRBS of 2
31





-1, the reception penalties at a low BER of 10
-10
 compared to the 
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then 28.3 dB and clearly above the nominal PON budget of 20 dB. As it is the case for 
the downstream, upstream reception can be obtained at the FEC level at a 50 km reach. 
However, the compatible loss budget is strongly reduced by more than 10 dB, proving 
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Fig. 4.66. BER performance for transmission over fiber spans in case of (a) 





respectively), and (b) the upstream. 
 
Finally, the clock remodulation method was evaluated for different downstream 
wavelengths. Fig. 4.67 shows the upstream sensitivity spectrum for the back-to-back 
case and a downstream PRBS of 2
11
-1. Since the sensitivity differs by just 1.5 dB 
among all the chosen optical carrier frequencies, it is obvious that colorless operation 






























Fig. 4.67. Sensitivity spectrum for the back-to-back upstream reception. 
 
 
4.7 Additional Aspects for Wavelength Reuse 
Wavelength reuse for full-duplex data transmission on a single, bidirectionally used 
fiber span requires not only a method for data erasure. Further more, RB might limit the 
transmission performance in case that the light path is subject to high loss dynamics: for 
the case that signals with strong power levels are transmitted over fiber spans while 
weak, counter-propagating signals are received at the same time, Rayleigh scattering in 
the transmission medium can impose limits for the optical transmission system [182]. 
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 Such high differences in the power levels are given for highly shared network 
infrastructures, since the high number customers introduces high optical losses with the 
insertion of WDM multiplexers [18] and power splitters for TDM [19]. In a hybrid PON 
that typically consists of a WDM trunk and a TDM tree section, the downstream signal 
in the feeder fiber typically causes severe RB, while the upstream signal transmitted by 
the reflective modulator at the ONU is in turn responsible for RB into the downstream 
at the drop fiber span to which the ONU is connected [183]. 
 Different means for the mitigation of RB have been earlier investigated, such as line 
coding combined with high-pass filtering [184,185], dithering of the optical seeding 
signal [186], phase modulation of the upstream data signal and additional optical offset 
filtering [187-189], most of them aiming at reducing the spectral overlap between the 
upstream signal and the degrading back-reflected downstream light. Although these 
approaches allow to operate a PON with a lower OSRR between the upstream signal 
and its backscattered optical seed, their efficiency is limited since the spectra of the two 
counter-propagating signals are only partially displaced. On the contrary, wavelength 
shifting at the ONU allows to spectrally re-locate the upstream next to the downstream, 
so that the RB caused in the feeder fiber can be filtered at the upstream receiver and 
thus in principle fully suppressed. However, such techniques typically require complex 
elements at the cost-sensitive ONU such as bulky modulators and are therefore often not 
feasible from a techno-economical point of view. 
 
 
4.7.1 Wavelength Shifting due to Clock Tone Extraction 
The all-optical clock remodulation technique presented just previously in chapter IV.6 
can be also used for the purpose of wavelength shifting. 
 The clock recovery at the ONU cannot only be used for remodulation purposes. 
Given the fact that it can recover an initially suppressed harmonic of the RZ 
downstream signal, it allows – together with the extraction of the same clock harmonic 
after the clock recovery process – to immunize the upstream data transmission against 
RB from the downstream. The advantage can be found in the simplicity: in addition to 
the remodulation scheme presented in chapter IV.6, just passive optical filtering is 
applied to obtain the desired wavelength shift for the upstream signal. 
 The approach is illustrated in Fig. 4.68. The RZ downstream signal is passed to a 
narrowband notch-filter to remove one of its clock harmonics. Due to that, the RB that 
derives at the bidirectional fiber link does not contain any spectral component at this 
suppressed RZ clock tone. Consequently, if the upstream signal is transmitted at exactly 
this frequency, no RB degradation arises. To generate the optical upstream carrier at the 
desired wavelength, an all-optical clock recovery is used together with a narrow optical 
passband filter so that just a single optical carrier remains at the input of the upstream 
modulator. Depending at which clock harmonic the upstream is modulated, a 
wavelength shift of up to a multiple of the downstream rate RDS is provided. At the 
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upstream receiver, the RB contribution that is now out-of-band with the data signal can 


















Fig. 4.68. Schematic representation of the wavelength shifting scheme, based 































































Fig. 4.69. Experimental proof-of-concept setup for the wavelength shifting 
method supported by clock recovery and selective optical filtering. 
 
The concept was evaluated for a PON-like scenario, shown in Fig. 4.69, and the case of 
having asymmetrical data rates of 10 and 1 Gb/s in down- and upstream direction, 
respectively. 
 Several optical filters for clock recovery and narrow-band filtering were constituted 
by FPFs. For the RZ tone rejection at the OLT transmitter and the tone extraction after 
the clock recovery at the ONU, FPFs with bandwidth of 0.55 and 0.29 GHz were 
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chosen. The clock recovery is identical with the one used in chapter IV.6. At the OLT 
receiver, a 5 GHz broad FPF was included inside a dual-stage Erbium-doped fiber 
preamplifier to filter the RB.  
 The RB was generated at a 25 km long SMF span, whose backscattered light was 
added to the upstream signal. The attenuators AD and AU were fixed to a loss budget of 
20 dB between OLT and ONU, meaning with the downstream launch of 10 dBm from 
the OLT transmitter an ONU input of -10 dBm. The third attenuator ARB was used to 
adjust the upstream OSRR. Two 3 nm broad band-pass filters were included in the 




























































Fig. 4.70. Optical spectra illustrating the evolution of the RZ downstream 
towards a shifted upstream signal and the corresponding eye diagrams. 
 
A 50/50 coupler (CO) at the ONU splits the incident downstream for the purpose of 
remodulation and detection. For the latter, a combination of PIN diode and 
transimpedance amplifier was used. The high-gain RSOA with low electro-optical 
bandwidth of chapter IV.4.4 constituted the upstream transmitter and was fed by a 
PRBS of length 2
31
-1. With the upstream launch of 2.5 dBm, the net gain of the ONU is 
12.5 dB. 
 Note that in case of an inline SOA, the circulator at the bidirectional port of the 
RSOA can be removed, while the second circulator at the ONU input could be replaced 
by a ring resonator as shown in Fig. 4.69, having its drop port connected to the upstream 
transmitter (i.e. RSOA) while its express port relays the downstream to the clock 
recovery. In this way, an ONU design suitable for photonic integration can be obtained. 
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The spectral evolution of the downstream is presented in Fig. 4.70, where the optical 
power is normalized to the strongest spectral component. The downstream carrier (▲) 
was located at a wavelength of 1556.8 nm and shows solely the side-modes of the 
distributed feedback laser diode. After RZ modulation (■) with a PRBS 2
7
-1 and clock 
tone suppression with the FPF (●), the +1 harmonic is rejected with more than 13 dB. 
This value can be increased with non-reflective filters such as ring resonators. The 
suppressed harmonic is again established after the clock recovery at the ONU (♦). 
Besides the obtained wavelength shift of RDS in respect to the optical downstream 
carrier, the SMSR after the tone extraction FPF (▼) is already in the range of 25 dB. 
Note that the separation between the strongest side peak, which derives from the 
downstream carrier at λDS, corresponds to the downstream rate RDS and is wider than 
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Fig. 4.71. Impact of the RB filter at the OLT receiver on upstream signals with 
different wavelength shifts corresponding to the downstream carrier 
wavelength, the +1 and +2 harmonic. 
 
This is obvious from the spectra in Fig. 4.71, showing the received upstream signals 
after RB addition at the OLT input and after the FPF that selects the upstream. Though 
the SMSR is high for the upstream without wavelength shift (●), there is significant in-
band RB noise. On the contrary, for the shifted upstream, no in-band RB contribution 
exists thanks to the suppression of the clock harmonic at the OLT transmitter. For the 
upstream that is located at the +1 (■) and +2 harmonics (▲), the SMSR is thus 
determining the reception performance. As can be seen, this SMSR is in the range of 25 
dB. 
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 The high SMSR stems from the sufficient suppression of the other clock harmonics 
by the FPF during extraction of the upstream carrier. Fig. 4.72(a) shows the obtained 
SMSR and the caused filtering loss of the carrier extraction process, that latter 
referenced to the extraction of the downstream carrier. It is obvious that the filtering of 
farther harmonics, e.g. the spectral +3 or -3 clock component, is subject to increased 
loss. The tilt in the filtering loss towards lower values for the positive harmonics is 
attributed to the chirp of the SOA of the clock recovery. 
 As can be deduced from the eye insets in Fig. 4.70, there is no strong distortion in the 
downstream once the +1 harmonic is suppressed, while it is even less for rejecting 
higher-order harmonics that carry less power. The recovered upstream carrier at the 
initially rejected harmonic does not show significant patterning from the clock recovery 
process. Note that for a longer downstream PRBS the finesse of the FPF used at the 
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Fig. 4.72. (a) Obtained SMSR and filtering loss after upstream carrier 
extraction at the ONU and BER performance for (b) the RZ downstream with 
tone suppression, and (c) the upstream at the recovered harmonic. 
(d) Penalty in sensitivity as function of the OSRR for the received upstream. 
Filled markers indicate a low BER of 10
-9
, while hollow markers correspond to 




The transmission performance for both data streams is presented in Fig. 4.72(b) to Fig. 
4.72(d). While for the suppression of the +1 harmonic of the RZ downstream a penalty 
of 1.1 dB arises at a BER of 10
-10
 compared to the RZ downstream containing all initial 
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clock tones (Fig. 4.72(b)), this penalty reduces to <0.5 dB for rejecting the +2 harmonic. 
A power margin of 3.8 dB was found, considering the targeted loss budget of 20 dB. 
 In case of the upstream reception without added RB, shown in Fig. 4.72(c), the 
penalty that is attributed to the filtering loss of the wavelength shifting technique at the 
ONU is 1 dB for a BER of 10
-10
 and the worse case of extracting the +2 tone as optical 
upstream carrier. This proves that with a reasonable amount of optical amplification 
inside the ONU, the inherent filtering losses of this scheme can be overcome without 
being penalized. A budget of >38 dB is compatible for the upstream. 
 When adding the RB deriving from the downstream, the beneficial effect of 
wavelength shifting is obvious and dominates over the rather small unfavorable impact 
of the filtering loss at the ONU. Fig. 4.72(d) shows the extra amount of optical power 
that is required to obtain a certain BER level when degrading the upstream OSRR. 
While the original, without tone suppression remodulated RZ downstream is penalized 
quickly and already at high OSRR values, the shifted upstream signals show higher 
robustness against RB noise. Especially the upstream that is transmitted at the +2 
harmonic of the downstream does not show strong penalties, which remain <0.5 dB 
even for a low OSRR of ~10 dB. 
 With a 1-dB reception penalty as reference, the compatible minimum OSRR values 




) are 23.5 (17.7) dB without wavelength shifting, 
18.7 (8.2) dB for a shifted upstream at the +1 harmonic and <13 (<9.5) dB for a shifted 
upstream at the +2 harmonic. 
 
Since the transmission performance is improved at both shifted upstream signals 
compared to the simple remodulation of the incoming RZ downstream, an access 
network configuration where different users are bundled is thinkable. While these users 
share a common high data rate downstream signal as in a TDM scheme, their upstream 
signals can be allocated to different RZ clock harmonics. This would allow a mix 




4.7.2 Wavelength Generation due to Four-Wave Mixing 
A farther spectral displacement of the upstream carrier, far outside of the downstream 
signal band, can be obtained by four-wave mixing (FWM) in SOA elements at the ONU 
[190]. In this case, a wavelength generation takes place, however, without providing an 
optical carrier signal at the targeted upstream wavelength before. For this reason there is 
also no RB contribution present in the feeding light path. 
 
The WDM trunk section of hybrid PONs can be used for overlaying a bunch of tree-like 
TDM-PONs with the help of a single WDM multiplexer such as an AWG or, 
alternatively, it can be deployed as a ring as in Fig. 4.34. Due to the high splitting ratios 
in the trees of the PON that is sketched in Fig. 4.73(a), the downstream has to be 
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launched from the RNs with high optical power to reach the ONUs with sufficient 
remaining power. Considering a limited net gain of the reflective ONU, the upstream 
arrives in general weak at the feeder fiber and, consequently, the OSRR falls to a level 
where no upstream transmission can be established due to severe RB beat noise – as 
discussed initially in this chapter. 
 By alternating the filtering scheme of the RN of Fig. 4.34 in terms of an additional 
centered band-pass filter, as will be explained shortly, a four channel allocation can be 
provided. This in turn is suitable to a FWM scheme with two (inner) pumps and two 
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Fig. 4.73. (a) Hybrid ring+tree PON architecture and (b) functional scheme of 
the PON. Two downstream signals are fed as pumps to each tree. The filters 
in the RN and the interleavers in the ONU are chosen to suppress unwanted 
spectral components for downstream detection and for upstream 
transmission, after exploiting the FWM process at the ONU. The SOA element 
at the ONU can be re-used as upstream modulator. 
 
The pumping and transmission scheme is illustrated in Fig. 4.73(b) and shows the 
specific filtering used in the RN and the ONU. The two required pumps for the FWM 
process are sent at the wavelengths (λ1, λ2) from the transmitter of the OLT via the ring 
to the RN, where they are dropped as downstream signals, amplified and fed to the 
trees. Instead of releasing just a single wavelength to the tree as in the conventional 
PON [8,172], both signals are fed to both trees. Therefore, a 50/50 coupler is added in 
front of the two trees. Since the downstream wavelengths are spectrally located close 
together on neighboring channels of the ITU grid due to their common A/D filter at the 
ring [8], no broad wavelength shift is asked for the FWM process. This in turn implies a 
reasonable efficiency for the generation of the satellite wavelengths (at λ3 and λ4) [138]. 
The exact downstream wavelengths are chosen so that both downstream and the 
satellites (i.e. upstream) signals fit with the passband of the A/D filters (see point B and 
H in Fig. 4.73(b)) of the RN. 
 At the ONU, the pumps are directed with an interleaver to a SOA-based element, in 
which the FWM and also the upstream modulation takes place. The two satellite 
wavelengths (λ3, λ4) that carry the upstream data pass the interleaver on the return to the 
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ONU output, while the remaining pump signals (λ1, λ2) are now rejected. In the same 
way the centered A/D filter that is used as interleaver at the RN not only directs the 
modulated satellites towards the upstream EDF amplifier, but suppresses the pump 
wavelengths further. In a real deployment a multiplexing element would be required at 
the tree interface of the RN to combine the two different upstream satellites (λ3, λ4) 
from both trees. For simplicity, the 50/50 coupler was kept in lieu of this multiplexer 
and accounts for a similar insertion loss. After being inserted to the ring and arriving at 
the OLT, the upstream signal (e.g. λ4) of the targeted tree is filtered, while other side 
channels are suppressed. 
 In front of the downstream receiver at the ONU, another interleaver would have to be 
inserted to split the two downstream signals from both trees. Besides, this interleaver 
beneficially rejects Rayleigh backscattering from the upstream signals into the 
downstream detector. It has to be noted that interleavers apparently maintain a colorless 
solution for the ONU, which is also suitable for photonic integration, e.g. by utilizing 
Mach-Zehnder structures or ring resonators, which can be designed as tunable filter 
element [180]. 
 
The efficiency of the FWM process was experimentally assessed for different pump 
wavelength spacing and its sensitivity to input power variations in a proof-of-concept 







































































































































Fig. 4.74. (a) Experimental setup for evaluating the FWM efficiency of the 
proposed ONU. Spectra after the RSOA for (b) different pump spacing δλ and 
(c) different pump power levels at the ONU input. 
 
Two wavelengths at λ1 = 1552.46 nm and λ2 = 1552.72 nm were modulated 
independently by MZMs at a data rate of 10 Gb/s, using a PRBS with a length of 2
31
-1 
to emulate a GPON payload. For simplicity, the same pattern generator was used for 
both signals, with a delay (∆τ) applied in one electrical path to decorrelate the two 
driving signals. A booster amplifier (EDFAD) was placed after the multiplexer (MT) to 
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ensure a launch of 6 dBm per wavelength, as it will be later the case in the PON. A 
10/90 coupler (CE) and a tunable band-pass filter (BPF) were placed to monitor the ER 
of each downstream wavelength. The ER was set to 3 dB as good compromise for the 
utilization of a single wavelength for down- and upstream transmission. 
 Due to variation of the pump spacing δλ = λ2-λ1 between the two downstream 
wavelengths, which is achieved by altering the first pump wavelength at λ1 while 
keeping λ2 constant, no fixed narrowband filter can be used to emulate the RN. Instead, 
a 8 nm broad band-pass filter (BPFD) was placed to reject the ASE of the booster 
amplifier at the OLT. The input power of the ONU was set with a variable attenuator 
(AD) to investigate the FWM efficiency also in terms of delivered pump power. 
 The ONU comprised of a 30/70 splitter (CO) to split the incoming signal for 
downstream detection and upstream transmission, a SOA that is used as preamplifier 
and booster, an interleaver that was emulated by a similar broad ASE filter and a 
circulator, and a RSOA from chapter III.5 acts as upstream modulator and FWM 
element. With the SOA biased at 160 mA, a high small signal gain > 23 dB can be 
achieved without noticeable cross-patterning effects between the outgoing upstream 
signal and the incoming pumps. The noise figures of SOA and RSOA were 6.4 and 12.5 
dB, whereby the latter is increased due to operation in the saturation regime of the 
RSOA. At this point of operation the optical 1-dB bandwidth of the RSOA gain 
spectrum is increased to 58 nm, having a center wavelength at 1565 nm. The RSOA was 
include in the ONU without electrical equalizer as its modulation bandwidth is 
sufficient large for upstream transmission at 2.5 Gb/s, for which a PRBS of length 2
31
-1 
was used. The downstream remained with just an ER < 0.5 dB thanks to the gain 
saturation effect at the RSOA. Instead of the RSOA, an inline EAM could be used in 
principle, best in combination with a preceding SOA in form of an integrated 
SOA/REAM. This would avoid the circulator that is not suitable for photonic 
integration so far. 
 The upstream path at the RN consisted of a band-pass filter (BPFU) that combines 
broad ASE filtering and rejection of the second pump wavelength λ2, as sketched in Fig. 
4.74(a). This is required to emulate the realistic rejection of the two pump wavelengths 
in a realistic RN that is designed for a certain spacing δλ. The optical OLT receiver 
comprised an EDF-based preamplifier (EDFAP) and a tunable ASE rejection filter with 
a 3-dB bandwidth of 50 GHz, adjusted to the upstream wavelength λ4. A variable 
attenuator (AU) emulates the typical link losses of the PON in the range of 20 dB. The 
spectra at certain points in the setup were monitored with optical spectrum analyzers 
(OSA) by inserting 1/99 power splitters (CM) for monitoring. 
 The polarization state of the first pump was aligned to the second pump after the 
corresponding MZM with a polarization controller (PC1) to optimize the FWM 
efficiency. Note that for an integrated transmitter such as in [191] this polarization 
controller could be avoided. Since the fiber transform of the polarization state is the 
same for closely spaced wavelengths [192], there was no degradation visible even when 
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a long fiber span was placed between OLT transmitter and ONU as it was the case in 
the PON setup that is shown in the next section. 
 For the satellite that is created at λ4, the signal power at the RSOA output is shown in 
Fig. 4.75(a) for different values of the pump spacing δλ. The input power for each of the 
pumps was fixed to -17 dBm for these measurements. The FWM process becomes more 
efficient for narrower spacing δλ, where it benefits by ~9 dB when δλ is reduced from 
0.46 to 0.16 nm, as it is also visible in the spectra of Fig. 4.74(b). As δλ reduces, the 
side mode suppression ratio (SMSR), defined between the upstream wavelength and the 
neighboring peaks as indicated in Fig. 4.74(c), improves thanks to the increased FWM 
efficiency. The SMSR of Fig. 4.75(a) which was measured at the RSOA output, where 
no interleaver is used so far to suppress the pumps, improves with additional filtering on 
the return to the OLT receiver. Note that a compromise is given by the availability of 
filter material that is supposed to have sharp filter edges, so that crosstalk from the close 
pumps remains in the upstream signals. As can be seen in Fig. 4.75(a), the SMSR at the 
OLT receiver improves due to this reason for large δλ. Besides, a narrower pump 
spacing requires also to reject further FWM products, which raise closely to the 
upstream signals as additional ghosts at λ5 and λ6 and cause additional crosstalk. The 
SMSR towards these ghost wavelengths has been found with 13.3 dB for δλ = 0.16 nm 
and indicates that the filtering scheme in a PON has to take these additional ghosts into 
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Fig. 4.75. (a) FWM output (filled marker) as function of the pump spacing δλ 
for the satellite at λ4, including its SMSR (hollow markers) towards the pump 
at λ2. (b) FWM efficiency as function of the pump power at the ONU input. 
While λ1 and λ2 carry the downstream signals, λ3 and λ4 are dedicated to the 
upstream. 
 
The pump spacing was chosen with 0.26 nm for all further measurements and is 
compatible with commercially available filter equipment with steep slopes. In addition, 
this spacing is a good compromise to avoid a significant penalty for the downstream 
reception deriving from cross-phase modulation of the two pump signals at the fiber 
spans [193,194]. The SMSR between λ4 and λ6 (λ3 and λ5) was then 15.2 (16.4) dB at 
the OLT receiver. Nevertheless, these values are expected to improve for a PON due to 
additional filtering at the ring interface of the RN. 
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 The efficiency itself, defined as the ratio between a certain RSOA output signal at a 
pump, satellite or ghost wavelength and the ONU input power at a pump wavelength 
(λ2), is shown in Fig. 4.75(b) for different ONU pump input power values. According to 
this definition the small signal net gain for the input (pump) signals can be found with 
their own efficiency and is mainly limited by the saturation output power of the RSOA. 
For an input signal of -17 dBm the net gain is as high as 18 dB and thus plays an 
important role for the suppression of the downstream signal that is present on the 
pumps. 
 For the FWM products at λ3 and λ4, which constitute the upstream carriers, the 
efficiency for this pump input power is given with 0 and -3.3 dB, respectively. This 
proves that after the modulator a sufficient upstream signal is available, which is further 
boosted by the SOA at the output of the ONU. A difference of ~6 dB has been found for 
the additional ghosts at λ5 and λ6, which raise above the ASE floor for higher pump 
input levels. For the desired pump input at the ONU around -17 dBm the relative 
efficiency, defined as the difference between the efficiency at λ2 and the surrounding 
wavelengths, is quite constant, as it can be also deduced from Fig. 4.74(c).  
 When altering the polarization state of the multiplexed signals (PC2), no decrease in 
the FWM efficiency was visible. This proves not only the polarization insensitive 
operation of the wavelength conversion when having co-polarized pumps, but also the 
low polarization dependent gain of the SOA-based elements at the ONU.  
 
The architecture of the long-reach PON is shown in Fig. 4.76 and comprises of a long 
ring section with more than 50 km and a tree that holds a feeder fiber whose length was 
varied from 0 to 17 km. A 1:32 power splitter (SPL) was placed between feeder and 
ONU. DCFs were included in the OLT to account for pulse broadening along the SMF 
spans. The dispersion of the DCFs for down- and upstream were -1365 and -671 ps/nm, 
respectively. 
 Thin film A/D filters at the ring interface of the RN, centered at 1552.61 nm with a 
3-dB bandwidth of 150 GHz, select two neighboring wavelengths (λ1, λ2) as the 
downstream signals. Two 50/50 couplers (CR) were incorporated to accommodate for 
resiliency in the dual fiber ring, whereas the full ring was not implemented for 
simplicity. The signals are then amplified by 15 m of HE980 EDF, locally pumped by a 
laser diode (LD) at 1480 nm with a power of 19 dBm for the sake of simplicity. 
 A 100 GHz A/D filter (FR), centered at the same wavelength as the A/D filters at the 
ring, then feeds the signals into the tree. Several filters rejected the adjacent channels 
outside their pass-band with >25 dB. A 50/50 coupler (CT) is placed at the output of the 
RN to feed both trees, as it was discussed earlier. A possible design for the tree interface 
of the RN that allows to combine upstream signals from both trees is shown in Fig. 4.76 
(inset “dual tree upstream”). It doubles the A/D filter FR and uses a Red/Blue waveband 
splitter (R/B) inside the spectral window of the ring A/D filters to combine the two 
different satellites (λ3, λ4). Nevertheless, for a later comparison with a standard PON 
that does not utilize FWM in the ONU, the interleaver and 50/50 coupler were replaced 
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Fig. 4.76. Experimental setup for a hybrid PON whose ONUs include means 
of wavelength shifting, assisted by FWM in SOA elements. 
 
The interleaver (FU) at the ONU, which directs the incoming (pump) signals at λ1 and λ2 
towards the RSOA and further selects the upstream (satellite) wavelengths at λ3 and λ4 
for upstream transmission, was emulated with a similar A/D filter as it is used at the tree 
interface of the RN (FR). The filter function plays an important role since the 
background noise at the upstream wavelengths (λ3, λ4) is suppressed after pre-
amplification with the SOA. This in turn ensures that the OSNR after the FWM process 
in the RSOA, typically being a limiting factor for wavelength conversion [195,196], 
does not suffer from an already present strong ASE background. The interleaver (FD) 
that is used to filter the appropriate tree signal (λ2) for the downstream detection was 
emulated by a fixed band-pass filter with a 3-dB bandwidth of 50 GHz. 
 With the chosen spacing δλ = 0.26 nm, the net ONU gain, defined between the 
incident pump at λ2 and outgoing satellite signal at λ4, was 20.4 dB for this ONU 
configuration. A standard ONU, containing only the RSOA without preceding SOA, 
interleaver and circulator, was also implemented and experimentally evaluated for 
comparison. 
 The A/D filter FR at the tree interface of the RN now routes the satellites (λ3, λ4) to 
the upstream EDF amplifier, which had a slightly shorter length of 12 m thanks to the 
good sensitivity of the optical OLT receiver. It shall be noted that this A/D filter at the 
tree interface of the RN does not have to provide a spectral periodical transfer function 
like an interleaver has, since the RN does not have to be colorless. Although this RN 
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Fig. 4.77. Signal spectra and filter transmission functions: a) at the ONU input 
(×), after SOA pre-amplification (filled ♦) and pump window of interleaver FU 
for λ1 and λ2 (hollow ◊); (b) after RSOA modulation (*), upstream ghost 
window of the interleaver for λ3 and λ4 (hollow Δ) and after SOA booster 
(filled ▲); (c) after RN tree interface FR (+), ring A/D filter transmission (hollow □) and after injection into the ring (filled ■); (d) transmission of the reception 
filter (BPF) at the OLT (hollow ○ ) and filtered upstream at λ4 (filled ● ).  
(e) Signal power levels, OSNR and SMSR along the PON. 
 
The process of shifting can be seen in the optical spectra (Fig. 4.77(a-d)), where also the 
transmission windows of several filters are included. A quantitative representation for 
the evolution of these signals along the PON is shown in Fig. 4.77(e) for a feeder with 6 
km, including the OSNR of the pump signal at λ2 and the SMSR for the two upstream 
wavelengths at λ3 and λ4 in respect to their neighboring wavelengths at λ1, λ5 and λ2. 
 After being transmitted across ring and tree, the pumps arrive with a power of -17 
dBm and an OSNR of 30.5 dB at the input at the ONU. The upstream OSNR was 28.1 
dB after modulation with the RSOA and 27.4 dB after the upstream amplification in the 
RN. Although for the satellites at λ3 and λ4 several SMSR towards the pumps are below 
-10 dB after upstream modulation with the RSOA (Fig. 4.77(b)), the rejection of the 
pump wavelengths on the return pass through the interleaver of the ONU and through 
the tree interface of the RN ensures a high SMSR of >23 dB (Fig. 4.77(c)). While there 
was no ghost established at λ6 above the ASE floor for the given conditions, the 
spurious signal at λ5 arrived at the OLT receiver with a SMSR of 15.5 dB towards the 
upstream at λ3 and is therefore not negligible when compared with the remaining 
pumps. For the case of upstream transmission with the satellite at λ4, the rejection of the 
second upstream signal (λ3) at the OLT receiver was > 20 dB (Fig. 4.77(d)). 
 No crosstalk arises for the upstream transmission due to undesired FWM along the 
single-mode fiber spans: while for the given downstream power levels after the OLT 
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transmitter and the RN no significant FWM products are generated at λ3 and λ4 but also 
rejected by the filters at the tree interface (FR) and after the SOA (FU), the backscattered 
light of these FWM components at the feeder fiber is too weak to cause distortions. 
 
Regarding the transmission performance, the FWM-assisted ONU provides 2.5 Gb/s 
upstream transmission up to a feeder length of 17 km, by receiving a 10 Gb/s 
downstream signal for feeder spans up to 6 km at the same time when using FEC. For a 
compatible 6 km feeder length, the power margins are 11 and 27.5 dB for down- and 
upstream, respectively, for a splitting ratio of 30/70 at the ONU (CO) and could be 
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Fig. 4.78. BER measurements for the ONU assisted by FWM: (a) upstream for 
the case of present (solid lines, “w/”) and absent (dashed lines, “w/o”) 
downstream modulation, and (b) downstream for the case of transmitting two 
pumps at λ1 and λ2 (solid lines) and just one pump at λ2 (dashed lines);  
(c) Upstream transmission with the standard ONU, comprising just a RSOA 
(dashed line and × marker: no downstream, solid line: present downstream). 
 
The upstream BER, shown in Fig. 4.78(a), was measured for the satellite at λ4. 
Transmission at λ3 was obtained with a similar BER performance. The absence of 
downstream allows upstream reception at a BER level of 10
-10
, regardless of the feeder 
length. However, the crosstalk that derives from unsuppressed downstream into the 
upstream signal leads already to a penalty of 3.7 dB for the back-to-back case without 
feeder fiber. Note that the downstream is solely suppressed by the optical gain 
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saturation of the SOA elements and could be further suppressed by additional means 
that were described earlier in chapter IV. 
 The reception penalties for having feeder lengths of 2.2, 6, 12 and 17 km 
(corresponding to an OSRR of 19.1, 16.7, 14 and 12.3 dB) are 0.2, 1.3, 3.2 and 5.6 dB 
at the FEC level. This proves that the PON is able to operate with low OSRR values 
thanks to the shifted upstream signal at λ4, which has become more insensitive to RB of 
the downstream at λ2, as it is also evident from the eye diagrams (Fig. 4.78(a)). It shall 
be recalled that the OSRR definition made here refers to the backscattered light of the 
optical seed that is found at another wavelength than the upstream signal. Although this 
backscattered light is consequently out-of-band at the upstream receiver, this definition 
is kept to ease the relation between the power levels for counter-propagating signals in 
the feeder when changing particular network parameters such as the feeder length. 
 The downstream reception, which is not in the main focus but nevertheless proven 
for the feasibility of the proposed scheme, was measured at λ2 and is shown in Fig. 
4.78(b). The reception suffers from a limited power budget for long tree fiber lengths 
and the crosstalk that derives from the finite suppression of the second downstream 
signal at λ1 with the filter FD. However, the FEC threshold can be reached for a feeder 
of up to 6 km length and longer tree spans are expected to be compatible either by 
changing the splitting ratio of the power splitter CO or by replacing the band-pass filter 
that had an insertion loss of ~4 dB by a more appropriate filter with smaller losses and 
steeper filter edges. Note that RB of the remaining downstream pumps that are emitted 
in upstream direction towards the feeder fiber does not cause a degradation due to the 
high splitter loss that is located between the ONU and feeder. Consequently, the OSRR 
for the downstream is >40 dB for the given conditions, even for the longest feeder 
lengths considered in this work. 
 Upstream transmission with the standard ONU, comprising just a RSOA, is strongly 
penalized by RB. Despite no downstream is sent, a feeder of just 2.2 km makes any 
upstream transmission impossible (see eye diagram in Fig. 4.78(c)) since the minimum 
BER is >10
-2
. In the back-to-back case without feeder fiber nor downstream, reception 
is possible at a BER of 10
-10
, which proves that the loss budget is compatible with the 
chosen ONU design that contains just a single reflective SOA element. However, with a 
present downstream signal, the RSOA does not provide the same suppression of the 
downstream pattern as the combination of SOA and RSOA does. This difference is 
obvious when comparing the back-to-back upstream eye diagrams and leads already to 
an error floor above 10
-10
 for the standard ONU despite the absence of RB. 
 
For a realistic deployment of this technique, the complexity would have to be 
significantly reduced by means of photonics integration. 
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Chapter V 
Orthogonal and Advanced 
Modulation Formats for Access 
 
The advantages of orthogonal modulation formats for full-duplex transmission on a 
single wavelength – as it was presented in chapter IV for the simpler ASK format – will 
be discussed. Commonly used semiconductor components such as integrated 
SOA/REAM devices are shown to be capable of being beneficially operated for 
colorless demodulation and detection of FSK signals, as well as for more advanced 




Some of the problems that arise in optical telecommunications can be typically solved 
by modification of the applied modulation format. In the field of optical access, 
wavelength reuse can be simplified if an appropriate modulation strategy is found for 
the simultaneous transmission of down- and upstream. However, the complexity that is 
introduced by orthogonal modulation formats comes often at increased cost and 
compromises their successful integration. For this reason cheap and integrated solutions 
have to be provided to invade the access segment. 
 Moreover, the introduction of advanced modulation formats [197,198] can be 
beneficial in terms of enabling high data rates. Since orthogonality is also a hot topic in 
this case, similar cost-effective solutions have to be found, avoiding extra or bulky 
devices as they are common in the subsystems of transport networks. 
 
 
5.2 Integrated FSK Demodulator and Detector for FSK/ASK 
Demodulation of a FSK downstream would require an optical filter at the ONU [199], 
which is not in line with a wavelength-agnostic design. Colorless demodulation of FSK 
signals can be practically performed by a photo detector and a preceding optical filter 
with a comb-like transmission function and a controlled spectral periodicity. Such a 
comb filter can be obtained with a travelling-wave SOA that is left without anti-
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reflection (AR) coating on its facets, which leads to a wavelength-specific gain ripple 
with interference fringes according to a Fabry-Pérot spectrum. 
 Besides, a highly negative biased EAM can offer its capability as detector with large 
electro-optical bandwidth. Both together, SOA and EAM, enables then a single 
SOA/REAM chip to work as an integrated colorless FSK demodulator and detector 




5.2.1 Gain Ripple of a SOA 
Considering a simple gain model as in equation 2.53, the spectral dependency of the 
parabolic gain curve can be included with 
 
( ) ( )0 0( ) T cg a N N aλλ λ λ= Γ − − −    (5.1) 
 
where aλ is a gain constant that describes the spectral roll-off of the gain and λc is the 
peak wavelength at the center of the gain curve. The gain is reduced to half its value for 
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If the FSR of the gain ripple is much smaller than the 3-dB gain bandwidth, which is 
typically the case for the geometrical dimensions used in nowadays devices, the contrast 
Ψ in the gain ripple of a SOA can be found from equations 2.40 and 2.41, considering a 
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For a single-pass gain of 20 dB and a gain ripple of not more than 1 dB, the reflections 
at the SOA facets have to be 10
-3
 or less. Since the reflectivity R2 corresponds to a high 
reflective coating in case of the RSOA, the reflection caused at the input facet has to be 
10
-6
 and therefore much lower compared to a SOA. 
 In a similar manner the ripple of a SOA/REAM with a single facet with reflectivity R 
can be found. The EAM section of a SOA/REAM chip will not alter only the 
geometrical length and thus the FSR but will also introduce losses Leam to the cavity. 
These losses are compensated by the gain Gsoa of the SOA. The transfer function of the 
SOA/REAM is defined as Pdet/Pin due to its functionality as detector, where Pdet is the 
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optical power that is detected by the EAM section inside the folded active Fabry-Pérot 
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The free spectral range is given by the lengths and refractive indices of the SOA and 
EAM sections and the passive waveguide. The EAM has to be operated in drop-and-
continue mode [201] to achieve operation as comb-generating element. This ensures 
that part of the signal is passed back as feedback signal to the SOA. 
 
 
5.2.2 Demodulation of FSK Signals 
The capability as FSK demodulator was assessed in a simulation, for which a FSR of 
125 GHz and a refractive index of 3.17 were chosen for the SOA/REAM and a 
frequency deviation of 10 GHz for the FSK downstream signal. According to equations 
4.72 and 4.73, these values lead to a cavity length of 0.38 mm and a facet reflectivity of 
0.76. This proofs not only the feasibility for the chip design, it shows also that for the 
desired data rate of 10 Gb/s there will be no patterning inside the cavity since the bit 






Fig. 5.1. Comb-like Fabry-Pérot spectrum of the SOA/REAM cavity in (a) 
linear and (b) logarithmic scale. 
 
The design parameters can be optimized to minimize the influence of dispersive effects 
on the transmission performance of FSK signals with large frequency deviation. 
However, some parameters such as the FSR will be in general fixed by the physical 
design of the SOA/REAM chip. For the given chips the FSR was 0.6 nm, which is 
larger than required but still suitable for colorless operation within the ITU WDM grid 
specification. In addition, the gain of the SOA cannot be chosen with its largest value to 
avoid lasing of the SOA/REAM chip for high residual reflectivities and therefore the 
achieved sensitivity of the FSK demodulator will be limited. 
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The influence of the chosen frequency deviation F∆, the reflectivity R at the 
SOA/REAM facet and the splitting between TE- and TM-mode on the FSK 
demodulation will be analyzed in the following sections in terms of obtained ER for the 
demodulated ASK signal after FSK-to-ASK conversion. The parameters for each of the 
investigated scenarios are thereby the shift of the comb from its center position, e.g. 
caused by temperature drifts or fluctuations of the incident optical power level, and the 
different response to the TE- and the TM-mode, which is covered by the power 
distribution α between these modes that is in turn defined by the angle θ. 
 
( )2sinα θ=   ( ),TE TMθ = ∠  (5.6) 
 
In addition to the obtained ER after FSK demodulation the normalized gain inside the 
cavity, which gives a figure of merit for the reception sensitivity of the integrated FSK 
demodulator and detector, is evaluated. Finally, the special case of having a 
semiconductor-to-air transition at the SOA/REAM facet is investigated. 
 The aim is to find a working point with a targeted ER of 5 dB and the possibility of 
achieving gain with the SOA. The latter is mainly limited by higher values of the facet 
reflectivity R. Furthermore it has to be stressed that there should be no signal emitted 
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Dependence on the Finesse 
 
The dependence on the facet reflectivity, which translates to the finesse of the cavity, 
was assessed for a fixed frequency deviation of 10 GHz and a polarization dependent 
loss (PDL) of 1 dB between the TE and the TM mode.  
 Higher values for reflectivity show not only a deeper contrast in the filter function, 
they also suffer from less tolerance against shifts between the TE and TM filter slopes 
regarding the achievable gain. The tolerance in the ER is acceptable thanks to a high 
finesse, as long as the polarization state is not solely the worse. This can be explained as 


























   
 Transmission Obtained ER [dB] normalized Gain 
Fig. 5.2. FSK demodulation for different values of the facet reflectivity. 
 




Dependence on the Frequency Deviation 
 
The reflectivity was fixed to 0.7 and the PDL was kept with 1 dB for this case. A good 
ER can be reached between 5 and 10 GHz of frequency deviation. The last case of F∆ = 
20 GHz shows that there is still some further improvement, mainly regarding the 
tolerance to a splitting of TE- and TM-behavior where an ER of 10 dB can be 
maintained over quite large operating areas. However, such a broad deviation could also 
lead to decreased performance in the transmission once longer reaches are considered in 




























 Obtained ER [dB] normalized Gain 
Fig. 5.3. FSK demodulation for different values of the frequency deviation of 
the incident signal. 
 




Dependence on the Polarization Dependent Loss 
 






























 Obtained ER [dB] normalized Gain 
Fig. 5.4. FSK demodulation for different values of polarization dependent loss 
inside the SOA/REAM cavity. 
 
An increased PDL shows that the crosstalk is a little bit reduced and the safe operating 
area is slightly extended for high PDL. On the other hand, the gain decreases drastically 










The transition from semiconductor to air leads with the given refractive indices to a 
reflectivity parameter of 0.3 if no AR coating is applied to the SOA/REAM facet after 
being cleaved perpendicular to the propagation direction of the incident light. This case 
is further analyzed for a fixed PDL of 1 dB in its sensitivity to the frequency deviation 





























 Obtained ER [dB] normalized Gain 
Fig. 5.5. FSK demodulation for a semiconductor-to-air transition at the 
SOA/REAM facet. 
 
A good ER of the detected signal can be reached for a frequency deviation between 20 
and 30 GHz, whereby still some gain can be achieved inside the cavity, leading to 
improved detection sensitivity. 
 






Table 5.1 summarizes the influence of the design parameters on the FSK-to-ASK 
demodulation performance, which is characterized by the obtained ER of the detected 
downstream signal. 
 A desired ER of 5 dB for the demodulation can be reached just with cleaved chip 
samples that do not incorporate any specialized reflective coating. Although the 
frequency deviation has to be higher in a case with reduced reflectivity (R = 0.3) and 
penalties may derive from that fact, a low-cost solution could be provided. 
 Furthermore, for the case of higher reflectivities and steep edges in the transmission 
function of the comb filter, a possible shift can be steered back in a limited range by 
means of temperature tuning (to cover low frequency drifts) or bias current adjustment 
(to face drifts with faster behavior), as will be shown shortly. 
 It should also be noted that designs with higher reflectivity can limit the applicability 
due to crosstalk in the upstream, since parts of the incident downstream are reflected 
back into upstream direction when no isolator is used. 
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Table 5.1. Sensitivity of the FSK-to-ASK demodulation on different design 
parameters of the SOA/REAM cavity and the downstream signal. 
 
The safe operating area for a SOA/REAM chip with a reflectivity of 0.5 and a FSK 
downstream signal with a frequency deviation of 30 GHz is shown in Fig. 5.6, where 













Fig. 5.6. Safe operating area for a SOA/REAM chip with a reflectivity of 0.5 
and a FSK downstream with a frequency deviation of 30 GHz. 
 
 
5.2.3 Experimental Validation 
The functionality of the proposed optical FSK receiver, which is sketched in Fig. 5.7(a), 
was proven experimentally with an integrated SOA/REAM chip [200]. The input facet 
of the waveguide that leads to the SOA section of this chip was cleaved without angle 
and aligned to a tapered fiber that is used as fiber pigtail. A chip length of 610 µm and 
the difference in the refractive index between the semiconductor material and the air 
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Fig. 5.7. (a) Scheme of the integrated colorless FSK demodulator and 
detector and (b) the obtained comb-like ASE spectrum for an EAM bias 
voltage from 0 to -4.5 V, a SOA bias current of 100 mA and a temperature of 
22°C. 
 
A spectral shift of the comb derives from variations in the carrier density, which are in 
turn caused by changes in the input signal power, the SOA and EAM bias and the 
temperature. This can be seen in the ASE spectrum in Fig. 5.7(b) for a variation of the 
EAM bias voltage. Fig. 5.8 shows the induced shifts around a certain operation point 
when different parameters are slightly changed. The relative shifts are thereby related to 
small perturbations in the altered parameter around the point of operation and the peak 
centers of the plots are defined for 24°C, 100 mA and -4 V, respectively. The operation 
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Fig. 5.8. Induced shifts for the comb measured at 1586 nm for (a) a variation 
of the temperature for a SOA bias of 100 mA and an EAM bias of -4 V, (b) a 
variation of the SOA bias at a temperature of 22°C and (c) a variation of the 
EAM bias at a temperature of 22°C. 
 
The shifts can be advantageously used to align the comb to the incident data signal. As 
can be seen in Fig. 5.8(a), the shift with temperature is ~14 GHz/°C regardless of the 
operation point. Variations of the SOA bias, shown in Fig. 5.8(b), lead to a shift in the 
order of 0.8 GHz/mA at a bias current of 100 mA, which slightly depends on the 
operation point. The shift is not linear anymore for a change in the EAM bias due to the 
electro-refractive nature of its origin. It strongly depends on the bias point of the EAM 
as can be seen in Fig. 5.8(c) and varies from -2.5 to -25 GHz/V. The tunability of the 
comb that is achieved via small deviations in the SOA and EAM bias can also be used 
to compensate small temperature drifts. 
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 Two complementary ASK modulated signals were used to evaluate the performance 
of the FSK downstream detection. The detected signal was thereby centered at one of 
the peaks of the comb while another, separated from the first by the spacing δλ 
corresponding to the frequency deviation of continuous-phase FSK signals, is located 
between two peaks and determines the crosstalk distortion for the detection. The 
constant signal power of this FSK signal provides a possibility for ASK remodulation to 




























Fig. 5.9. Experimental setup for the proof of FSK downstream detection. The 
inset shows the equivalent functional scheme of the FSK detector and the 
measured ASE spectrum of the SOA/REAM with a scale of 10 dB/div and 0.2 
nm/div.  
 
The FSK modulator (Fig. 5.9) is based on two differentially driven MZMs and provides 
an ER of ~13 dB for each of the two ASK signals. No transients were observed at the 
bit edges after passing the 50/50 coupler (CM) that combines the ASK signals. The 
remaining ER of the FSK signal was <0.5 dB and indicates a good approximation for a 
constant power for the downstream. Although this OLT transmitter may not be a cost-
effective solution and does not provide a continuous-phase FSK signal, it is suitable for 
the proof of concept of the proposed ONU.  
 The FSK detector was characterized in terms of FSK-to-ASK conversion penalty and 
colorless operation. The optimum bias point for REAM and SOA, operated at a 
temperature of 22°C, were found with -4.1V and 80 mA, respectively. The latter was 
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Fig. 5.10. BER curves and penalty for FSK demodulation when creating a 
constant signal power downstream signal. 
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The influence of the spacing δλ on the FSK detection is shown in Fig. 5.10. For the pure 
ASK downstream, consisting of a single signal from laser diode LD1 that is aligned to a 
peak of the comb as sketched in the inset in Fig. 5.10, a sensitivity of -7.7 dBm is 
obtained at a BER of 10
-10
 for a 10 Gb/s signal with a PRBS of length 2
31
-1. For a FSK 
signal and the optimum case with δλ = FSR/2 = 0.3 nm, meaning a placement of the 
second carrier between two peaks, the penalty that is suffered from applying a constant 
downstream signal power by adding the second ASK signal is ~1 dB. This low FSK-to-
ASK demodulation penalty confirms a good contrast in the comb spectrum, which is 
sufficiently high to provide a FSK-to-ASK converted signal with a high enough ER. 
The penalty increases up to 6.7 dB for a smaller separation of δλ = 0.15 nm = FSR/4. 
This high penalty is attributed to the low finesse of the FSK detector. For the 
implementation in a PON with deployed fiber a trade-off would have to be made 
between the reception penalty that derives from a reduced contrast due to a closer 
spacing δλ and the dispersion penalty that grows with larger spectral widths (i.e. wider 
spacings δλ) of the FSK downstream. Alternatively a redesign of the chip could lead to 
a reduced FSR and therefore to a smaller required spacing δλ. 
 Since an EAM is used as signal detector and the SOA section of the chip is used for 
establishing a cavity, an additional preamplifier would be required at the ONU to 
increase the sensitivity further. However, considering full-duplex upstream transmission 
this additional optical amplifier, which might be a SOA, can be reused for boosting the 
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Fig. 5.11. (a) BER curves showing the colorless FSK demodulation. (b) Eye 
diagrams for the transmitted (DS TX) and detected (DS RX) downstream after 
the OLT transmitter and after demodulation, for a wavelength of 1572.06 nm, 
with an ER of the DS TX of 0.35 dB (the reference is indicated by the arrow). 
 
Fig. 5.11 shows the proof for a colorless operation of δλ = 0.3 nm for different operating 
wavelengths in a range from 1572 to 1592 nm. The sensitivity at a low BER of 10
-10
 is 
quite independent of the operating wavelength and deviates by 1.4 dB. Since the gain 
spectrum of the SOA/REAM, which was designed for the L-band, had a roll-off in its 
gain around 1595nm, longer wavelengths were not evaluated. 
 
The FSK detector was included into an ONU with a REAM and a SOA for the 
fundamental proof in a WDM-PON (Fig. 5.12) with a symmetrical data rate of 10 Gb/s 
[202]. This allows to remodulate the constant power signal with ASK upstream data and 
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to enhance the sensitivity. Reflections due to the cleaved facet of the chip were avoided 
by an isolator. The operating wavelength was 1585.36 nm and a deviation of δλ = 0.3 







































SOA/REAM OLT-TX  
Fig. 5.12. WDM-PON with FSK downstream and ASK upstream. 
 
The REAM at the ONU provided a high upstream ER of more than 13 dB. Its intrinsic 
loss of 11 dB assures that the down- and upstream do not pattern themselves due to 
cross gain modulation in the SOA: no patterning effect was observed for the 
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Fig. 5.13. Back-to-back BER measurements for an ONU in a WDM-PON with 
symmetrical FSK/ASK 10 Gb/s. 
 
For the downstream reception a sensitivity of -17.5 dBm was reached for a BER of 10
-10
 
and a PRBS of 2
31
-1 (Fig. 5.13). A PRBS of 2
7
-1 has a 2.1 dB better sensitivity due to 
the reduced overshoot induced by the SOA. The ONU input power was fixed to -14.9 
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dBm for the upstream measurement so that an error-free downstream is guaranteed. The 
power levels and OSNRs are then -7.7 dBm and 53 dB after the FSK modulator (A), 4.4 
dBm and 44 dB after the OLT booster (B), -5 dBm and 36 dB in the detection branch 
(C), -11 dBm and 25.5 dB after being boosted (D), resulting in a ONU net gain of 3.9 
dB. Since the L-band EDFAs and the common C-band SOA (which had still gain in the 
L-band) were more efficient for shorter wavelengths, results are also shown for 1570 
nm (Fig. 5.13). A stronger dependence on the PRBS length was observed for the 





was -12 (-20.4) dBm for 1585.36 nm and a PRBS of 2
31
-1, while for a PRBS of 2
7
-1 it 
is -19.2 (-22.4) dBm, leading to a penalty of 7.2 (2) dB. For a wavelength of 1570.42 
nm the sensitivity for a BER of 10
-10
 is increased by 4.6 dB in case of the long PRBS. 
 
 
5.2.4 Possibilities for Photonic Integration 
A suitable approach for photonic integration of the evaluated FSK receiver is shown in 
Fig. 5.14, where several required components such as the SOA, EAM and facets are 
located on a single waveguide. The alignment to the incident signal can be obtained by 
the SOA and EAM bias or – for the case of having larger drifts – by an additional phase 
shifter. An external but closely packaged electronic control circuit can simply take the 


























Fig. 5.14. Photonic integration of the colorless FSK demodulator and detector. 
 
In contrary to the ONU shown in Fig. 5.12, the whole ONU could be integrated on a 
single photonic chip that includes also the remodulator for upstream transmission. The 
isolator can be avoided by minimizing the reflections from the comb-generating facet 
(RINT in Fig. 5.14) and by choosing the splitting ratio of the power splitter inside the 
ONU (CO in Fig. 5.12) in a way so that the remodulation branch is favored. The 
reflections from the downstream signal at the FSK detector that interfere with the 
upstream signal are then weakened since the incident light that is reflected back in 
upstream direction has to pass the splitter twice while the upstream faces just a small 
loss when it passes this coupler. 
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Orthogonal modulation formats cannot only avoid crosstalk in bidirectional 




5.3 Advanced Downstream Data Rates with FSK+ASK/ASK  
The continuous and rapid evolution of multi-media services will soon demand higher 
data rates for access networks. Besides the use of traditional downstream detectors such 
as PIN or APDs for ASK downstream signals with a data rate of 10 Gb/s, upstream 
operation at 10 Gb/s can be provided with low-cost devices such as the RSOA or the 
SOA/REAM as it was demonstrated in earlier chapters. The cost limitations of the 
components that constitute the ONU are playing an important role for a further increase 
of the data rates since they prevent the use of advantageous, though more complex 
modulation formats that are based on phase shift keying [61] or OFDM [73]. While 
these formats are usually compromised by the required expensive delay interferometers 
or energy-hungry digital signal processing, FSK can be alternatively used as orthogonal 
modulation format with respect to ASK. In this way a single wavelength can carry twice 
the data without introducing elements at the receiver that have to be designed for a 
larger opto-electrical bandwidth. 
 However, the optical filter that acts as FSK-to-ASK demodulator introduces 
wavelength-specific elements in the ONU if the downstream carries FSK modulation. 
As it was demonstrated in the previous section, an artificial SOA gain ripple can be 
used as comb filter to face this design issue. Instead of a SOA/REAM also a RSOA is 
able to provide this spectrally periodic filter function for colorless demodulation of a 




5.3.1 Colorless ASK+FSK Demodulation 
The design of the proposed ONU is shown together with the experimental setup for a 
back-to-back proof in Fig. 5.14. While the ASK downstream is received with an APD, 
the demodulated FSK signal is detected with a PIN diode. The signal for the APD is 
split off with a 50/50 coupler (CD) and an isolator was placed in front of the PIN diode 
to avoid lasing effects from the RSOA due to back-reflections from the photo detector. 
The RSOA, whose gain ripple is aligned in its spectral transmission function to the 
incident downstream signal as will be discussed later, performs the FSK-to-ASK 
conversion and is also used in half-duplex operation for upstream transmission. At the 
same time the natural gain saturation of the RSOA is used to suppress the ASK 
component of the FSK+ASK downstream signal, which causes severe crosstalk to the 
FSK detection.  
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 With this ONU design the upstream transmitter is advantageously used as FSK 
demodulator and provides a solution to double the downstream data rate by simply 
adding a second photo detector at the ONU. Alternatively, a second RSOA could be 
placed at the ONU to separate the functionalities of FSK demodulation and upstream 
transmission, thus allowing full-duplex operation. However, half-duplex operation at 
twice the data rate makes sense considering the delivery of large data contents such as 
for video-on-demand, where mostly downstream transmission is preferred at a given 





























































































Fig. 5.14. (a) Experimental setup and (b) spectra at the input of the FSK PIN 
detector for different spacings δλ. The arrow in the inset of the pure FSK 
downstream (FSK-TX) indicates the reference level of the detector. 
 
 The same RSOA as in chapter III.5 was used at the ONU. Since an anti-reflection 
coating was applied to the input facet of the RSOA, the gain ripple was formed via the 
fiber-pigtail. In this way controlled reflections towards the active RSOA waveguide 
were caused. The gain ripple in the transmission function was 6.4 dB for a bias of 100 
mA and a wavelength around 1550 nm. A free spectral range of 0.46 nm is given. This 
transmission function suits for a comb filter with sufficient contrast for a FSK-to-ASK 
conversion. The shift of the comb was measured with ~65 GHz/°C and was proven to be 
























































Fig. 5.15. Temperature-induced shift of the RSOA transmission comb. The 
peak center is defined for a temperature of 24°C. 
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Note that the ASE noise of the RSOA has impact on the FSK downstream detection 
since no optical rejection filter can be placed before the PIN diode when a colourless 
ONU design has to be retained. To assess this degradation, an optical carrier at 1550.63 
nm is consecutively modulated with FSK and ASK data at the OLT, similar as in the 
previous section. While the two wavelengths (λ and λ+δλ) are differentially modulated 
and show a negligible ER of 0.26 dB for the FSK signal at the input of the ASK 
modulator (see inset in Fig. 5.14(b)), the latter imprints its data with a reduced ER in the 
range from 2 to 4 dB. The output power of the second booster amplifier was fixed to 3 
dBm for the FSK+ASK downstream signal and the OSNR after the booster was 39.9 dB. 
An AWG was inserted between OLT and ONU to account for the multiplexing device 
that is typically used as signal distributing element in WDM access networks. 
 
 
5.3.2 ASK+FSK / ASK Transmission Performance 
Fig. 5.16 shows the BER measurements for the downstream for FSK and ASK detection 
at 10 Gb/s and a PRBS of length 2
31
-1. The FSK-to-ASK conversion penalty has been 
found with 2.4 dB at a BER of 10
-10
 for the case that the second ASK carrier is placed 
exactly between two peaks of the comb, meaning a frequency spacing δλ = 0.23 nm. For 
smaller spacings of 0.2 and 0.17 nm the reception penalty increases by 0.3 and 2.2 dB 
due to the reduced suppression of the second carrier, which can be also observed in Fig. 
5.14(b). No strong dependence on the PRBS length has been experienced. The 
difference in the sensitivity for the detection of an ASK signal was improved by less 
than 0.2 dB at a BER of 10
-10
 for a PRBS of length 2
7
-1. 
 Pure FSK reception without ASK modulation in the downstream is possible with a 
sensitivity of -17 dBm at a BER of 10
-10
 and -22.4 dBm with FEC. The presence of 
ASK modulation at the downstream causes crosstalk for the FSK reception and 
introduces penalties of 2.1 and 5 dB at the FEC level for ASK-ERs of 2 and 3 dB, 
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Fig. 5.16. BER measurements for (a) the FSK downstream tributary, (b) the 
ASK downstream tributary and (c) the ASK upstream. 
 
The ASK reception is affected by the reduced ER and is compromised with the FSK 
reception performance. A sensitivity of -16.7 dBm is obtained at a BER of 10
-10
 for an 
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ASK-ER of >10 dB. The penalties due to a reduced ER are 4.5 and 7.5 dB at the FEC 
level for ASK-ERs of 4 and 3 dB, respectively. The FEC threshold cannot be reached 
anymore with an ER of 2 dB. A possible solution to increase the ER can be the use of 
ASK downstream cancellation techniques at the FSK-to-ASK conversion as they have 
been presented in chapter IV. 
 These would allow an additional full-duplex 10 Gb/s ASK/ASK operation mode with 
a single RSOA at the ONU. A flexible ONU configuration can then be obtained, 
allowing to switch between a full-duplex transmission with symmetrical data rate to an 
application-adapted high downstream data rate, without doubling the RSOA component 
as mentioned earlier. Another method for flexible bandwidth allocation will be 
presented in chapter VII. 
 
The optimum ASK-ER is given by balanced BER performances for the FSK and the 
ASK reception and depends on the optical loss budget of the access network. Fig. 
5.17(a) presents the minimum achievable BER for simultaneous detection of the FSK 
and ASK downstream tributary for different loss budgets. The optimum ASK-ER shifts 
to larger values with increasing budget to favor the more critical ASK reception. 
However, the introduced crosstalk into the FSK channel increases the BER to above the 
FEC threshold for large budgets such as 23 dB. 
 For the given downstream launch of 3 dBm at the OLT transmitter a budget of ~17.5 
dB allows transmission at a BER level of 10
-4
 for an optimum ASK-ER of 3.5 dB, as 
can be seen in Fig. 5.17(b). The downstream BER limit is thereby defined as the worst 
BER of ASK and FSK detection. In case of a stronger FEC [204] that allows a BER of 
10
-3
 at the cost of some more overhead, the budget can be increased to 20 dB for an ER 
of 3.7 dB. Since the upstream transmission does not limit the loss budget, as will be 



















































































Fig. 5.17. (a) Minimum BER for simultaneous detection of the FSK and ASK 
downstream tributaries for different loss budgets and (b) optimum ASK-ER 
and the achieved downstream BER as function of the loss budget. 
 
The input power into the ONU was fixed to -15 dBm for the upstream measurement. A 
BER of 10
-3
, which is suitable for a strong FEC, can then be obtained for both, the ASK 
and the FSK downstream tributary. The OSNR after modulation was 31.4 dB. 
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 A reception sensitivity of -23.7 dBm was obtained for the 10 Gb/s upstream at a BER 
of 10
-10
, while another 5.5 dB of sensitivity can be gained with additional FEC (Fig. 
5.16(c)). Together with the launch of -1.4 dBm from the ONU, a loss budget of 27.8 dB 
can be covered for the upstream, showing that the downstream reception is more critical 
in terms of link losses. 
 
By reusing already existing components at the ONU for additional functionality such as 
demodulation, extra value can be provided to the customer premises equipment without 
introducing extra cost. 
 
Besides the use of advanced modulation formats for the downstream, they can be also 
cost-effectively applied in upstream direction if the intrinsic properties of low-cost 
semiconductor-based modulators are fully exploited. 
 
 
5.4 QAM with Integrated InP-based Modulators 
The inherent phase modulation of SOAs can be alternatively used to construct advance 
modulation formats. Especially in its saturation regime the SOA provides mainly phase 
modulation without introducing significant patterning in the intensity of the amplified 
optical signal [205,206]. This is also related with the fact that a SOA can transfer 
intensity noise into phase noise in its deep saturation regime [207]. QAM can be then 
applied to the optical signal together with an EAM, so that information is 
simultaneously encoded in the amplitude and the optical phase [208]. Although such 
modulation formats are common for traditional but bulky modulators such as nested 
Mach-Zehnder structures, devices from small form factors that provide additional 
optical amplification are required for a successful infiltration of the access networks. 




5.4.1 SOA as Phase Modulator 
Changes in the refractive index of the active region in a SOA, caused by modulation of 
the carrier density of the active waveguide, will affect the phase velocity of the optical 
wave and therefore the instantaneous optical frequency, as it was addressed in chapter 
II.5. The deviation from an equilibrium carrier density may stem from either a data 
pattern with sufficient high ER in the optical signal or from modulating the SOA bias 
current. 
 Originating from equations 2.52, 2.53 and 2.55, the rate equation for the carrier 
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where N0 is the carrier density in equilibrium. 
 Input signals which carry data will lead to a change in the refractive index of the 
SOA, depending if they experience loss or gain condition. For the case of loss the 
carrier concentration will increase, which leads to a decrease of the refractive index. 
Gain will decrease the carrier concentration and increase the refractive index. The point 
of operation for the data signal can be set by either the wavelength, the injected optical 
power of an eventually present holding beam or by the bias current. In case of a 
variation in the power of the optical input signal, the carrier density changes for the 
amount ∆N that is determined by the saturation power Psat. 
 With an effective lifetime that has been shortened due to a holding beam on another 
wavelength or a sufficient strong noise background, the saturation energy for the optical 
input signal will be increased and therefore the effect on a carrier density change due to 
an optical input signal will vanish. 
 
The optical phase φ inside the SOA with length L for its waveguide is given by the chirp 
parameter α (equation 2.77). There will be in general a dependence on the wavelength 
and the actual carrier density. For a change in the carriers from an initial density N0 
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With the definition of the chirp parameter and consideration of small changes in the 
carrier density, this expression can be simplified and expressed by the refractive index 
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The resulting phase change ∆φ can be then simply obtained by knowledge of the change 







∆ = Γ∆  (5.10) 
 




 which causes a 




. This in turn leads to a 
variation of the refractive index of ~10
-3
 and thus to a phase shift of π for a 500 µm long 
SOA operated at a wavelength in the 1.5 µm region. 
 
 
5.4.2 Experimental Validation 
The chirp parameter α(N,λ) that is related with the capability of modulating the optical 
phase was measured for the SOA and the EAM of a L-band SOA/REAM according to 
the previously in chapter III.6 introduced method [151] and is shown in Fig. 5.18. The 
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optical input power and its optical frequency, and the SOA bias were varied to assess 
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Fig. 5.18. Characterization of the SOA/REAM. (a) Spectral dependence of the 
chirp parameter for SOA and EAM, (b) sensitivity of the SOA chirp to input 
power variations and (c) gain saturation of the SOA. 
 
The spectral dependence is given due to the differential gain coefficient, which leads an 
enhanced chirp for longer wavelengths. The chirp parameter of the SOA raises from 
6.12 at 1575 nm up to 7.78 at 1595 nm while for the EAM values from -0.17 to 0.43 are 
obtained for this wavelength range. The chirp of the SOA, which is used as phase 
modulator, is quite independent of the optical input power of the SOA/REAM chip and 
































Fig. 5.19. Experimental setup for the proof of QAM modulation with a 
SOA/REAM. 
 
The proof-of-concept for the QAM modulation is experimentally evaluated with the 
setup shown in Fig. 5.19. An optical carrier at 1586.2 nm is locally distributed by a laser 
diode and the input power into the SOA/REAM at the ONU is adjusted to -10 dBm.  
 While reception of the ASK signal at the OLT was carrier out with an APD, coherent 
detection including an electrical delay interferometer (DI) was used for PSK-to-ASK 
conversion. Both receivers were fed by a 50/50 coupler (CR) while a second 50/50 
coupler (CC) is included for the mixing with the local oscillator (LO). After heterodyne 
detection the modulation information is recovered in the DI and the RF data signal is 
down-converted to the baseband. Although this configuration of the OLT receiver is not 
cost-efficient, it is suitable for the proof of the concept. 
 Both, the SOA and EAM section were modulated at a data rate of 1 Gb/s with a 
PRBS of length 2
7
-1, without synchronizing the data streams of both modulated sections. 
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The low data rate and the short word length are chosen due to the low modulation 
bandwidth of the SOA and also to ensure that no additional patterning is introduced by 
its gain dynamics. 
 The SOA and EAM were biased at 160 mA and -1.3 V for QAM modulation, and 
modulated with 40 mApp and 2.4 Vpp, respectively. With the given gain-current relation 
of the SOA, this means operation in its saturation regime and introduces just a small 
intensity modulation with an ER of ~0.7 dB, as it is obvious from Fig. 5.18(c). On the 
contrary, the ER of the ASK signal generated by the EAM had an ER of 5 dB, which 
has been found as the best trade-off between ASK reception and crosstalk introduced 
into the PSK data channel. 
 The transmission at a single data channel, either ASK or PSK, was assessed 
additionally for comparison. Accordingly, the SOA or EAM, respectively, was then 
biased at a constant level without modulation: for the bias of the EAM this means a 
level of 0 V for pure PSK modulation and -2 V to achieve an ASK signal with an ER > 
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Fig. 5.20. Reception of (a) the PSK and (b) the ASK tributary of the QAM.  
(c) Constellation diagrams and residual ASK due to the PSK modulation. 
 
The BER measurements for the PSK and the ASK tributary of the QAM signal are 
presented in Fig. 5.20. For the desired QAM operation, meaning the EAM biased at -1.3 
V, the degradation in reception sensitivity for a present ASK modulation is <0.5 dB. 
The sensitivity at a BER of 10
-10
 improves by 1.8 dB for pure PSK modulation, which is 
attributed to the increased OSNR that benefits from the EAM bias of 0 V. 
 The ASK channel shows a stronger sensibility to crosstalk from the PSK channel. 
With bias conditions according to QAM transmission, the ASK reception suffers from a 
penalty of 3.3 dB at a BER of 10
-10
 once the PSK channel is used in addition, though the 
residual intensity modulation from the PSK channel had a relative low ER of just 0.8 dB. 
This penalty is attributed to the distortions that derive from the residual intensity 
modulation of the SOA section. With an optimum EAM bias of -2 V for pure ASK 
modulation with high ER, the reception sensitivity was improved by further 7.1 dB. 
 The constellations for pure ASK and PSK modulation as well as for the QAM are 
shown in Fig. 5.20(c). 
 








This chapter discusses the beneficial recycling of ASE noise that is unavoidable when 
working with SOAs. By providing feedback to the amplifier, the noise emission can be 
shaped towards useful optical carriers. The seeding techniques behind such approaches 




Active semiconductor devices such as SOAs are often not exploited in their full 
functionality. A more unconventional application – that is less chaotic as it sounds – is 
the use of a SOA element as self-oscillating laser. This allows to establish an optical 
carrier at an arbitrary wavelength inside the ASE spectrum of the SOA by providing a 
wavelength-selective feedback with a filtering element close or far from the amplifying 
medium. In this way a colorless ONU containing a RSOA as upstream modulator can be 
“tuned” to its desired upstream wavelength, which is intended to be established via 
controlled lasing. Though the quality of the obtained optical carrier will be degraded, it 
is not necessarily from bad quality as will be proven in chapter VI.2. 
 Simultaneous lasing and signal amplification at two remote wavelengths is another 
aspect that leads not only to advantageous spectral shaping of the ASE background but 
makes also sense for SOAs with wide gain spectra, since they are then also able to seed 
a pump that can be used for a remote EDF-based amplification stage. The feasibility of 
such an approach will be discussed in chapter VI.3, together with an evaluation of 
different scenarios for the deployment in PONs with high loss budget. 
 
 
6.2 Self-Seeded Upstream Transmission 
PONs become cost-effective when ONUs with colorless design are deployed. Mostly 
reflective modulators have attracted research and commercial products based on RSOAs 
or derivates already exist [5]. In the simplest case or when crosstalk between down- and 
upstream has to be avoided, it is required to distribute a pair of wavelengths from the 
central office to each of the wavelength-agnostic customer premises equipment for the 
transmission of downstream data and modulation of the second wavelength with the 
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upstream [48]. Alternatively, an optical carrier can be generated via a seed loop between 
the colorless ONUs and the RN, the latter holding the multiplexing device of the WDM-
PON or other wavelength-specific devices. Since the RN is typically placed much closer 
to the ONUs than to the OLT of the network operator, transmission losses are avoided 
at the trunk segment of the PON and arise only at the last link span in the drop segment. 
While the use of spectrally sliced ASE to seed the RSOA is well studied [209], the 
technique of reusing the RSOA of the ONU to obtain an optical carrier for upstream 
transmission has been shown to nearly cover the loss budgets of WDM-PONs without 
additional means of amplification [210]. The applicability of this self-seeding approach 
to a fully passive hybrid ring+tree PON as it is sketched in Fig. 6.1 will be proven in 
this section, showing that a seed loop can be established despite the high loss budget of 
the tree section with the help of the high gain of the RSOA at the ONU. The self-seeded 
upstream transmission at 2.5 Gb/s simplifies the PON architecture as it avoids the 
distribution of an optical carrier from the OLT which in turn simplifies the metro ring 































Fig. 6.1. Architecture for a self-seeded hybrid PON from ring+tree type. A 
seed loop exists between the RN and the ONU transmitter. 
 
 
6.2.1 PON Architecture and Seed Loop Design 
In case of a hybrid WDM/TDM-PON that has short reach trees connected to a long 
reach resilient single-fiber ring [211], the RNs that are located along the ring are 
responsible for dropping and adding wavelengths for down- and upstream transmission 
towards and from the tree, as sketched in Fig. 6.1. In the shown scenario, full-duplex 
transmission is established by using two wavelengths in the C- and L-band for up- and 
downstream, respectively. 
 The seed-loop that is spanned over the ONUs and the RN can also benefit from 
remote amplification which is typically used between the ring- and the tree-interface of 
the RNs. Fig. 6.2 shows the experimental setup, in which a fiber Bragg grating (FBG), 
centered at 1550.97 nm with a full-width half-maximum bandwidth of 0.41 nm, was 
placed after the tree-interface of the RN to reflect noise that derives from the RSOA 
back towards the tree. The choice of the bandwidth is a trade-off between the dispersion 
sensitivity of broad optical signals and the reduced feedback for narrowly sliced ASE, 
which prevents the seed of an optical carrier for the case of an additional high loss 
inside the seed loop. Since the signal that comes from the ONUs contains also the 
upstream data, a 90/10 power splitter (CS) before the FBG feeds a small portion of the 
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signal towards an EDF-based amplification stage that leads to the ring section of the 
PON. In addition, another amplification stage is placed directly before the FBG to 
overcome a part of the splitting loss in the drop segment. Both amplifiers in the RN 
contained 15 m of HE980 and were remotely pumped from the OLT. No self-
oscillations have been experienced in the bidirectionally operated low-doped EDF in 

















































































































































Fig. 6.2. Experimental setup for the PON. Besides the carrier that is obtained 
with the seed loop which is spanned via the RN, the ONU is for comparison 
seeded in a conventional way with an optical carrier, emitted by an optical 
source in the RN. The insets show a burst-mode upstream data packet and its 
eye. 
 
The drop segment comprised of a SMF of 5 km length and a power splitter whose ratio 
was varied to investigate the impact of the splitting loss. 
 In the ONU, an APD detects the downstream while a RSOA is used for generating an 
optical carrier which is in addition modulated. The same RSOA as in chapter III.5 was 
used. 
 At the RN, the upstream is added via thin-film filters to the ring in the same manner 
as the downstream is dropped. 50/50 couplers (CR) were added for resiliency purposes 
to feed and receive the signals from both ring directions [212]. Waveband splitters 
(C/L) for the C- and the L-band are added at the ring- and tree-interface of the RN, the 
OLT and the ONU. 
 The RN is connected to the OLT via a SMF span of 25 km, corresponding to the 
farthest RN in a 50 km ring in normal operation, or to the farthest RN in a 25 km ring in 
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resiliency. The pump for the remote amplification stages in the RN was transmitted at 
1480 nm and multiplexed from the data signals by additional pump/signal splitters 
(P/S). Since the downstream, transmitted on an optical carrier at 1586.2 nm, will benefit 
from Raman amplification at the ring and an APD with a high sensitivity of -27 dBm is 
used at the ONU for reception, no extra amplification stage was placed at the RN for 
boosting the downstream towards the tree. 
 A MZM at the OLT imprints the downstream at 10 Gb/s with a PRBS of length 2
31
-1 
with high ER. A DCF with a dispersion of -671 ps/nm was used in the OLT transmitter 
and receiver. 
 For comparison with the conventional approach, where an optical carrier is sent from 
the OLT to seed the RSOA, the FBG in the RN was replaced together with its 
amplification stage by a light source. This configuration with an electrically powered 
RN is necessary if a double-fiber ring has to be avoided since RB prevents any upstream 
transmission when having a single-fiber ring, as will be proven later. The competitive 
seed source, shown in the box inside the RN of Fig. 6.2, adapts itself to the splitting 
ratio in the tree and emits a signal that is strong enough so that the input power level of 
the ONU is fixed to -15 dBm while the OSNR for this signal is kept at 40 dB, which is a 
typical value for this location inside the PON. 
 
 
6.2.2 Characterization of ONU and Upstream Carrier 
A self-seeding technique with high optical loss between the RSOA and the reflective 
wavelength selector demands the RSOA to have not only a high saturation power level 
but also to erase the upstream pattern that was previously imprinted when the back-
reflected signal from the RN arrives at the RSOA. This ensures that the actual upstream 
is free of any residual patterning, which would lead to a penalty in the reception of the 
actual transmitted data, herein referred to as cross-patterning. This crosstalk would have 
similar impact as the remaining downstream in chapter IV. 
 The same RSOA as in chapter III.5 was used. Its optical gain spectrum is shown in 
Fig. 6.3(a) for a bias current of 110 mA and different input power values. Stronger 
saturation occurs once the input power level is increased, leading not only to a reduced 
gain but also to a wider optical gain bandwidth. While for an input of -15 dBm the 3-dB 
bandwidth is 64 nm, it widens to more than 70 nm for higher input power values due to 
saturation in the spectral region around the peak gain wavelength. This dependence is 
shown in Fig. 6.3(b) for the 1-dB gain bandwidth, which is extended from 35 to above 
50 nm once saturation is caused. Besides, the presence of saturation not only reduces 
the gain while flattening its spectrum, it also affects the noise figure of the RSOA. 
Although it is only 7.2 dB for an operating wavelength of 1550 nm and an input of -15 
dBm at the border of the saturation regime, it increases to more than 12 dB for an input 
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Fig. 6.3. Characterization of the RSOA gain: (a) spectra for a bias current of 
110 mA, (b) 1-dB bandwidth of the gain spectrum and noise figure at 1550 
nm, both for different input power values, and (c),(d) gain saturation and its 
relation with the residual cross-patterning for the seeding process of the 
upstream carrier for different splitting ratios in the tree. 
 
No means of equalization have to be applied to guarantee 2.5 Gb/s operation thanks to 
the inherent large electro-optical bandwidth of the RSOA. Fig. 6.4 shows the 
dependence of the transmitter bandwidth of the ONU for different RSOA input power 
values and bias currents that were later used in the self-seeded and the conventional 
PON. The 3-dB bandwidth is found between 2.8 and 2.9 GHz for several operation 
points and does not strongly vary with the bias currents and the input power values of 
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Fig. 6.4. Relative electro-optical bandwidth of the RSOA for different operation 
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The RSOA was modulated with a current of 100 mApp at a data rate of 2.5 Gb/s and a 
PRBS of length 2
31
-1, leading to an ER of 5 dB. Although this ER is sub-optimal 
regarding the transmission performance, it is found to be the best operation point for the 
self-seeded PON due to the compromise of having either a wide eye opening or low 
residual cross-patterning. This ensures a higher optical power level during the space 
bits, which reduces in turn the patterning onto the mark bits when the seeded carrier is 
reflected back to the RSOA and modulated with the actual upstream data. 
 The capability of the ONU to suppress a data pattern on the incoming signal is 
presented in Fig. 6.3(c), which shows the relation between gain saturation and residual 
ER for an operating wavelength of 1550 nm and an input ER of 5 dB in the case of 
modulating the RSOA with upstream data when the self-seeding technique is used for 
generating an optical carrier to feed the RSOA. With the given saturation output power 
of 7.5 dBm the residual output ER can be kept below 0.5 dB for a splitting ratio of 1:32, 
meaning, together with the EDFA at the RN, a RSOA input power level of -6.5 dBm. 
The residual pattern decreases for lower splitting ratios since the mark level of the 
pattern experiences a stronger gain saturation than the space level. Note that due to the 
gain relaxation time of the EDFs, which is much larger than the inverse of the bit rate, 
no suppression of the pattern is supported. Without strong cross-patterning, upstream 
transmission is found to be possible with some penalty for higher splitting ratios. 
 In addition to the continuous-mode measurements the feasibility of burst-mode 
operation was assessed for a GPON-compatible 125 µs frame with a duty cycle of 1:4. It 
is possible to establish a seed for data packets generated by the burst-mode upstream 
transmitter. However, the gain dynamics of the EDF introduce an overshoot, as can be 
seen in the insets of Fig. 6.2, which is also visible as broadened mark level in the eye 
diagram of Fig. 6.2. This gain transient could be further decreased by an appropriate all-
optically gain-clamped design of the EDF stage [213]. The burst-mode reception at the 
OLT was carried out with a PIN diode instead of the APD since no DC-coupled APD 
receiver was available. 
 
 
6.2.3 Signal Evolution 
The signal evolution along the self-seeded and the conventional PON is shown for 
different splitting ratios in Fig. 6.5(a) and (b), respectively. 
 Due to the reflective nature of the RN towards the ONU, two light paths have to be 
distinguished for the self-seeded PON: the seed loop (A-G) and the upstream 
transmission path (U, H-K). Looking at the bidirectional seed loop, the splitting loss at 
the tree determines several power levels. Thanks to the EDF that is placed before the 
FBG, the strong launched signal (F) from the RN towards the ONU ensures high power 
values of 5.1, -0.6, -3.7, -6.5 and -10 dBm into the RSOA (G) for splitting ratios of 1:1, 
1:4, 1:8, 1:16 and 1:32, respectively. Strong cross-patterning effects are thus avoided as 
it was shown in Fig. 6.3(c). 
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Fig. 6.5. Signal evolution for (a) the self-seeded PON and (b) the conventional 
PON with additional light source for the RSOA seed. 
 
With the given launch from the RN and the ONU, determined by the saturation levels of 
the EDF and the RSOA, the RB that is caused by the drop fiber degrades the OSRR to 
<20 dB for a split of 1:16 and higher, as shown in Fig. 6.5(a). Although this would 
cause severe degradation in a conventional PON [182], the incoherent nature of the 
seeding signal leads to an upstream that is more tolerant to RB, similar as for a 
frequency dithering technique [186]. 
 With the high RSOA saturation output power of 7.5 dBm (A), the signal arrives at 
the upstream amplifier of the RN (U) with a power level higher than -20 dBm after 
passing the 90/10 coupler (CS), even for a split of 1:16. This ensures not only a low 
noise accumulation in the following EDF stage, but allows also to favor the seed loop in 
terms of a low insertion loss for the coupler CS, which is passed bidirectionally. 
 After experiencing an EDF gain of 18 dB and suffering from 5 dB of losses in the 
ring-interface while being injected into the ring, the upstream signal reaches the OLT 
with just small losses of 0.8 dB along the ring fiber thanks to the Raman gain of 4.3 dB 
that is provided by the pump which was transmitted at 1480 nm with a power of 26 
dBm. 
 While missed gain in the upstream amplification stage will cause a reduced power 
budget for the upstream signal, gain variations in the EDF of the seed loop can cause 
increased cross-patterning effects and are therefore more critical for the upstream 
transmission. 
 
The spectra of the seeded upstream signals are shown in Fig. 6.6 for a tree splitting ratio 
of 1:8. The signals are defined in their center wavelength by the reflectivity of the FBG. 
The exact spectral shape of the upstream is determined by the gain peak of the RSOA 
and its gain ripple, which is caused by the pigtail of the fiber-end used for chip-to-fiber 
coupling and was measured to be <3 dB. Due to the chirp of the RSOA, which is 
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enhanced in the saturation regime, the upstream establishes towards the longer 
wavelengths inside the spectral window that is defined by the FBG [214]. The side-
modes of the grating, which are more than 15 dB below the peak reflectivity, do not 




















































Fig. 6.6. Reflectivity of the FBG and spectra for the signals at the ONU port 
and the upstream after passing the EDF stage in the RN when being injected 
into the ring, shown for a split of 1:8 in the tree. 
 
 
The downstream, not included in Fig. 6.5(a) for the ease of reading, was launched with 
6 dBm and an OSNR of 42 dB from the OLT. The signal experiences Raman gain as the 
upstream does and is injected despite the passive nature of the signal light path in the 
RN with -0.4 dBm into the tree. 
 The given loss budget allows for a maximum ONU input power of -14.4 dBm for a 
splitting ratio of 1:16, which will determine the margin of the downstream. The remote 
amplification of the upstream in the RN guarantees for input power values of 0.9, -2.3, -
4.7, -7 and -8.2 dBm at the optical OLT receiver in the case of splitting ratios of 1:1, 
1:4, 1:8, 1:16 and 1:32, respectively. 
 Fig. 6.5(b) shows the signal power levels and the OSNR for the conventional PON, 
which provides an optical carrier by an additional light source for the upstream 
transmission, placed at the tree-interface (F) of the RN. Due to the unrealistic scenario 
of having an upstream EDFA in the RN and a pure WDM-PON with a tree split of 1:1 
at the same time, this case was not considered for the conventional PON. 
 With the input power of -15 dBm into the ONU (G), an output power of 3 dBm (A) 
is obtained with the slightly lower RSOA bias and the OSNR is maintained at 32.7 dB. 
Thanks to the RSOA, which can operate at such low input power values, the influence 
of the RB is acceptable even for high splitting ratios. However, since the input power of 
the upstream amplification stage depends on the splitting ratio, a further OSNR 
degradation is caused. Especially for the high split of 1:32, the input level of -17.1 dBm 
causes an additional degradation of 1.4 dB compared to a lower splitting ratio. 
 With the reduced pump of 23 dBm, which is strong enough to pump just the 
upstream EDF stage, and a present downstream signal as in the case of the self-seeded 
PON, the Raman gain at the ring fiber is lower with 1.7 dB, leading to a net loss of 3.4 
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dB at the fiber segment. The upstream arrives therefore with levels of -2.5, -3.3, -4.4 
and -6.5 dBm at the OLT receiver for a tree split of 1:4, 1:8, 1:16 and 1:32, respectively. 
 
 
6.2.4 Relative Intensity Noise 
The relative intensity noise (RIN) is the spectrum of the intensity fluctuations relative to 
the mean steady-state intensity and provides information on the frequency content of the 
fluctuations. It is an important measure for the noise emission of light sources, giving 
also information about limitations in the transmission performance, e.g. in terms of BER 
floors. 
 For an evaluation of the introduced error floors, the RIN is attributed to the mark 
level in the received bit stream, which was transmitted from an imperfect ASK 
transmitter that emits a bit stream with an average power level and a finite ER (equation 
4.20). The Q factor for an ideal noise-less receiver with an electrical bandwidth Bel is 
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where Rb is the data rate of the intensity modulated signal. 
 Since the RIN is measured for an optical signal, the electrical power levels that are 
acquired with an electrical spectrum analyzer can be used directly due to the square-law 
for optical detection. The optical signal power Psig is related to the photo current Idet and 
the electrical RF power Prf via 
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where η is the quantum efficiency for detection, determining the sensitivity of the photo 
detector, e the elementary charge, h the Planck constant and f the optical frequency of 
the incident light. 
 The RIN can be then derived as 
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where S is the measured spectral density and δf the resolution bandwidth of the 
electrical spectrum analyzer. 







SNR RIN f df= ∫  (6.6) 
 
where f0 and f1 are the electrical cut-off frequencies for the receiver, e.g. 0.1 and 10 GHz 
for 10 Gb/s applications. 
 Especially for sources that are built out of fiber ring lasers or mode-locked lasers, 
increased RIN at low frequencies, deriving mostly from mode partition noise [116] 
[215], can cause serious degradation of the received SNR and the data reception [216]. 
A possible source for RIN in distributed feed-back laser diodes can be the residual 
reflections at the chip facets, which convert the intrinsic phase noise into intensity noise 
[217]. 
 A quantitative evaluation of induced BER floors is given in Fig. 6.7(a) for different 
receiver bandwidths and an ER of 5 dB. 
 




























































Fig. 6.7. (a) BER floors for ASK data signals deriving from RIN of the optical 
source and (b) RIN measurements for the unmodulated upstream carrier of 
the self-seeded and the conventional PON, taken at the input of the upstream 
amplification stage of the RN after passing the 90/10 splitter. 
 
The RIN of the optical upstream carrier in the proposed PON was analyzed at point U in 
Fig. 6.2, corresponding to the input of the upstream amplifier. The self-seeded PON 
suffers from a higher noise impact due to the incoherent nature of the carrier, which was 
constituted by the sliced and reamplified spontaneous emission of the RSOA. The RIN 
increases with the splitting ratio and is in average -114 dB/Hz for a split of 1:16 (Fig. 
6.7(b)). The conventional PON, which benefits from the low-noise injection into the 
RSOA, provides an optical carrier with a RIN of less than -150 dB/Hz. 
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6.2.5 Transmission Performance 
For the downstream the sensitivity for reception is -24.5 dBm at a BER of 10
-10
 and a 
splitting ratio of 1:32 (Fig. 6.8(a)). When the DCF is removed at the OLT transmitter, a 
penalty of 2.4 dB is suffered. This penalty is acceptable thanks to the low chirp of the 
MZM and still ensures a margin of 7.7 dB, which is high enough for PON applications. 
 The continuous-mode upstream of the self-seeded PON experiences BER floors 
above 10
-10
 (Fig. 6.8(b)), however, these floors are well below the FEC threshold. The 
obtained reception sensitivities lead to margins that are >20 dB for several splitting 
ratios, except for the case of having a 1:32 split, where RB and the enhanced cross-
patterning prevent to reach the FEC level. By replacing the drop fiber with its 
equivalent attenuation, the BER floor can be lowered to less than 10
-4
 due to the absence 
of RB. 
 Since low splitting ratios lead to a higher input power into the RSOA, patterning 
effects due to the gain dynamics of the RSOA become enhanced. While for a split of 1:1 
a BER floor appears at 10
-7
 for a PRBS length of 2
31
-1, a shorter PRBS of 2
7
-1 allows 
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Fig. 6.8. BER measurements for (a) the down- and (b) the upstream of the 
self-seeded PON, and (c) the conventional PON seeded by an additional light 
source. For the self-seeded PON, measurements are taken with a PRBS of 
length 2
31
-1 (filled) and 2
7
-1 (hollow markers). Dotted lines indicate the 
replacement of the drop fiber with its equivalent attenuation. For the 
conventional PON, the RSOA input power was -15 dBm (filled) and -10 dBm 
(hollow markers). Thick lines for the upstream measurements correspond to 
burst-mode (BM) measurements at a tree split of 1:16 and PIN receiver at the 
OLT. 
 
The burst-mode transmission, which was assessed for a tree split of 1:16 and a PRBS of 
length 2
31
-1, experiences a similar BER floor as the continuous-mode upstream (see BM 
curve in Fig. 6.8(b)). The shift in sensitivity of ~7 dB at the FEC level is explained by 
the less sensitive PIN receiver that was used at the OLT instead of the APD. 
 
Several error floors that appear for the self-seeded PON are summarized in Fig. 6.9 for 
continuous-mode traffic. While for higher splitting ratios RB and cross-patterning raise 
the floors, the RSOA-induced distortions prevent to reach a low BER for long word 
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lengths. For a PRBS of length 2
31
-1, a split of 1:8 in the tree results in the lowest 
achievable BER of ~10
-8
. The effects that cause the floors are also evident when looking 
at the eye diagrams, which are presented in Fig. 6.10. Especially for the high split of 
1:32 the eye becomes closed due to RB at the self-seeded PON, while for the 
conventional PON there is just an increased noise level in the marks due to the slightly 
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Fig. 6.9. Error floors for the self-seeded PON due to RSOA-induced 
distortions, cross-patterning and RB. Measurements are in principle taken with 
a PRBS of length 2
31
-1 and present drop fiber (■ markers). For further 
investigation, the PRBS length was lowered to 2
7
-1 (▲ markers) and the drop 
fiber was replaced by its equivalent attenuation (● markers). 
 
The conventional PON benefits from the optical carrier that was injected from the RN 
towards the ONU and allows a BER of 10
-10
 for the upstream, as can be seen in Fig. 
6.8(c). The RSOA was operated at a slightly lower bias of 100 mA to increase the ER of 
the upstream signal to 6.3 dB, leading to an increased eye opening when compared to 
the self-seeded PON. The electro-optical bandwidth did not degrade due to this 
reduction in the RSOA bias current (Fig. 6.4). 
 Note that for the case of having the optical seed source of the conventional PON at 
the OLT, by keeping the single-fiber architecture at the same time, no upstream 
transmission is possible due to the strong RB that is caused by the seed light and 
backscattered into the upstream signal at the ring segment (see eye diagram labelled 











from OLT  
Fig. 6.10. Eye diagrams for the self-seeded and the conventional PON for 
different splitting ratios in the tree. RB in the single-fiber ring demands an 
electrically powered RN for the conventional PON. 
 
When compared to the self-seeded PON, the margin for continuous-mode data is 
increased by just 2 dB at the FEC threshold, proving the feasibility of the self-seeded 
approach. Thanks to the capability of the RSOA to work with low input power values 
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around -15 dBm, the OSRR is high enough not to cause degradation in the upstream 
transmission, as can be seen in the corresponding eye insets in Fig. 6.8(c). 
 For comparison the BER measurements are also shown for an ONU input power 
of -10 dBm, which is still a few Decibels below the input power levels that are used in 
the self-seeded PON. The vulnerability of the conventional PON to RB is then visible in 
the penalty for splitting ratios of 1:8 and above when compared to the measurements 
with an ONU input of -15 dBm. Although for a split of 1:8 an acceptable penalty of ~2 
dB is introduced, which is small compared to the large margin that can be provided for 
the reception, it raises to 4.9 dB for a split of 1:16 and makes any transmission 
impossible for a split of 1:32, as it is also the case for the self-seeded PON. 
 In burst-mode transmission with an input of -15 dBm at the ONU and a tree split of 
1:16, a BER of 10
-10
 can be reached although a penalty of ~11 dB is suffered due to the 
less sensitive PIN diode (Fig. 6.8(c)). 
 
The dependence of the upstream transmission in both PON architectures on dispersive 
effects is presented in Fig. 6.11, which shows a comparison for continuous-mode data 
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Fig. 6.11. Vulnerability of the self-seeded and the conventional PON with a 
tree split of 1:16 to dispersion in the light path. The ●,■ markers correspond to 
the self-seeded and the conventional PON, respectively. Solid lines indicate 
the presence of the DCF, dotted lines its absence and dashed lines the back-
to-back case with fibers and DCF replaced by their attenuation. 
 
 The conventional PON suffers from a penalty of 0.5 dB when the DCF is removed 
and an accumulated dispersion of ~530 ps/nm is faced. It has to be noted that the 
dispersion of the DCF was not matched to the ring and drop fiber spans due to the 
unavailability of a suitable DCF length, leaving a residual dispersion of around -140 
ps/nm. However, since a DCF spool cannot adapt to the conditions for all ONUs that are 
connected to the PON due to their different reach from the OLT, this corresponds to a 
realistic case of having a fixed dispersion compensation with some residual pulse 
broadening. For the case of replacing all fibers and the DCF with their equivalent 
attenuation, the sensitivity increases by 1.6 dB and a substantial margin of 30.2 dB 
guarantees error-free upstream transmission. 
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 On the contrary, the self-seeded PON shows a much stronger sensibility to dispersion 
due to the broad spectrum of the upstream and the RIN increase that is induced by 
chromatic dispersion [214]. While for a present DCF a BER floor below 10
-6
 exists, the 
absence of the DCF causes a BER floor around 10
-3
. On the other hand, when the 
residual dispersion that is given also with the presence of the DCF is removed by 
replacing fiber spools with their attenuation, the self-seeded PON allows upstream 
transmission with a BER of 10
-10
 and a sensitivity of -29.2 dBm, leading to a margin of 
22.2 dB and therefore 8 dB less compared to the conventional PON. 
 
 
6.2.6 Comparison between Self-Seeded and Conventional PON 
Although error floors are present for the transmission with a self-seeded optical carrier, 
the incorporation of FEC that is supposed for NG-PON standards makes this technique 
feasible. For a practical implementation, the feedback, defined as the ratio between the 
received and the transmitted power at the ONU, should not be lower than -14 dB. This 
can be derived from the BER performance (Fig. 6.9) for the case of having a 1:16 tree 
split and the signal power levels in Fig. 6.5(a). 
 Regarding the vulnerability to RB, note that due to the self-seeding approach only a 
single ring has to be deployed compared to an approach where a carrier is sent from the 
OLT and modulated remotely at the ONU, such as in [212]. Alternatively, an 
electrically fed RN needs to be employed for the case of a conventional PON in this 
study, which does not maintain the fully passive nature of the PON. 
 Besides, laser diodes and multiplexing components can be discarded from the OLT 
transmitter while some wavelength selective devices have to be added at the RN, whose 
complexity increases slightly. The sensitivity to dispersion requires the use of 
dispersion compensation at the OLT receiver for the self-seeded approach; However, a 
foreseeable increase in the upstream data rate to 10 Gb/s for RSOA-based ONUs makes 
an adaptive dispersion compensation an indispensible element of the upstream receiver. 
Although self-seeding avoids the amplification stage that would be necessary for 
boosting the unmodulated upstream carrier that is sent by the OLT, the additional 
amplifier that is used to overcome the losses of the splitting to obtain an optical carrier 
requires for approximately the same amount of optical pump. 
 A reduction of the net loss for high split in the tree with the help of distributed 
amplification inside the splitting stage, by removing the additional EDF amplifier in the 
RN at the same time, could solve the problems of RB and residual cross-patterning. 
This technique will be presented in the next section. 
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6.3 Seeding of an EDF Pump for Transparent Power Splitting 
Hybrid PONs with TDM stages often suffer from the high concentrated optical loss in 
the tree that is given by the unavoidable power splitter. In this section, a method to 
partially reduce this splitting loss is introduced. The ASE of an optical amplifier at the 
customer premises is thereby reshaped and reused as a natural pump source for an EDF 
inside the TDM signal distribution elements of an access network. This increases the 
number of served customers and supports the transmission in terms of reduced OSNR 
and OSRR requirements at no extra cost, just by recycling optical noise. 
 
 
6.3.1 Noise-Pumped Extender Box 
The required pump for a concentrated fiber amplifier that is inserted in the light path 
can be either transmitted from the OLT or the ONU. While the first option suffers from 
the high transmission losses for the pump on the long way towards the EDF, a scheme, 
where the ONUs provide a pump towards the amplification stage, is advantageous. One 
possibility to add pumping capabilities to the ONU relies on the incorporation of optical 
sources for the pump waveband of the EDF [218]. Although this might be seen to be in 
agreement with a colorless ONU design and retains the possibility for its mass 
deployment, this method is inefficient when considering the extra cost and power 
consumption of the light sources. 
 Alternatively, a SOA can fulfill the task of pump generation while it is also used as 
amplifier for a weak data signal. This functionality as dual-waveband amplifier can be 
established by laying a seed loop over the SOA and parts of the fiber plant, as it is 
illustrated in Fig. 6.12 for a typical ONU and PON configuration as it was used 

































Fig. 6.12. An additional pump is provided from the ONU when reusing the 
ASE of the inline SOA. 
 
A SOA in the ONU operates as preamplifier/booster in the C-band for data transmission 
but seeds also a pump signal in the 1480 nm band simultaneously. As long as the 
seeding process does not prevent the concurrent amplification of the weak data signal, a 
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beneficial effect of recycling the ASE can be obtained. This in turn allows a more 
efficient use of energy, without dismissing the previous functionality of the SOA. 
 The ONU is extended by a seed loop around this SOA to generate the EDF pump. 
Integration of this loop can be made via WDM couplers with low insertion loss for these 
two wavebands. In a first simple scheme, a band-pass filter ensures that the seeded 
wavelengths are well defined and do not hop over the broad ASE peak of the SOA, 
which is expected to provide gain in the C-band as well as in a wavelength range that is 
used for the pump of the EDF. In addition, a high saturation output power capable to 
deliver enough power to reach gain in the EDF is required. The EDF has to provide a 
high pump conversion efficiency in addition, as it is the case for a HE980 EDF. 
 
The shared SOA gain medium for down-, upstream and pump has advantages and 
disadvantages. Although some gain will be missed by the data signals, the relative 
strong pump will allow gain clamping for the SOA and in turn reduce the induced 
transients that derive from the gain saturation dynamics. The ASE output of the SOA 
will be spectrally re-shaped towards a wavelength range far from the data signal thanks 
to the wavelength selective filtering inside the seed loop. The noise photons that are 
coupled into the weak data signals will be therefore kept inside the seed loop and not 
pass along the light path of the data signal. 
 Note that the location of the EDF inside the power splitter may not be the optimal 
one in Fig. 6.12. Much more interesting can be a dual-stage splitter with intermediate 
EDF since the optical loss between the different amplification stages in ONU, RN and 
power splitter is then more distributed as it is the amplification itself (similar as Raman 
amplification). Before the different possibilities of optimization and seed loop designs 
are discussed, some considerations about the physical design of the SOA are made. 
 
 
Design Considerations for the SOA 
 
The SOA gain has to cover not only the wavelength range of the employed data signals 
but also the pump waveband. It should be additionally tailored in its spectral response to 
optimize the efficiency for the pump wavelength. The semiconductor material can be 
adapted for this reason by means of band gap engineering [91] to optimize the SOA for 
a certain wavelength range. This includes a to shift the gain peak to the nominal pump 
wavelength for the EDF, as it was discussed in chapter II.2.1 and more specifically 
shown in Fig. 6.13(a). 
 The seeded pump at 1480 nm leads to population of the excited energy state of the 
EDF, which in turn provides amplification due to the stimulated emission process in a 
wide spectral (data signal) range that covers the 1550 nm band. Several discretely 
spaced energy bands for the EDF exist and are suitable for the amplification process, as 
for example the commonly used 
4
I13/2 band that fits to a pump of 1480 nm (Fig. 6.13(b)). 
This pump wavelength has been found to be attractive since it can be transmitted along 
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fiber spans without suffering from severe transmission losses due to the low material 
loss of commonly deployed fibers in the third telecommunication window. 
 The efficiency of the amplification process in the EDF is determined by the overlap 
between the density of states inside these energy bands and the absorption and emission 





















































Fig. 6.13. (a) Adapted SOA gain spectrum, (b) energy states of the EDF and 
(c) its absorption and emission spectra. 
 
Although rare-earth doped fibers can be modified in their absorption and emission 
spectra, such processes require complicated means of fiber processing. What matters is 
therefore the simpler accessible design of the SOA that is used for pump generation. 
This engineering step has to aim at reducing the electrical pump of the SOA to stay 
energy efficient. 
 The pumping of the semiconductor material of the SOA with electrical carriers is – 
from a macroscopic point of view – reflected in the carrier rate equation. It is considered 
that the carriers distribute themselves in the energy bands rapidly. 
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= − − Ψ 
 
∑  (6.7) 
 
In this form of the rate equation, M signals are supposed to be amplified in the SOA 
(e.g. M = 2, with optical frequencies ν1 and ν2 corresponding to 1480 nm for the seeded 
pump and 1550 nm for the simultaneously present data signal). Ψk is the photon rate of 
the corresponding signal according to its optical power. 
 
It is necessary that the material gain is adjusted to the pump wavelength to establish an 
EDF pump effectively: 
 A strong pump with a high output power is required, meaning a high photon 
rate ΨP for the pump. 
 The signal itself is supposed to arrive weak and, more important, it does not 
necessarily have to be “blown up” to a high output power (thus the photon rate 
ΨS will be moderate), considering distributed means of amplification along the 
light path and highly sensitive receivers at the end-nodes. 
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 The high photon rate for the pump can be only reached in a power-efficient 
way if the material gain gm(νP) is high, and therefore the semiconductor should 
be tailored in an appropriate way. 
 For this case the required bias current for the SOA, which gives a macroscopic 
figure of merit for the energy efficiency of the pumping scheme, can be 
minimized. 
 
Besides the spectral gain adjustment of the SOA, the seed loop can be optimized too. 
 
 
Seed Loop Design and ASE Shaping 
 
Different scenarios are possible in terms of ONU connectivity and pump multiplexing. 
The tree can be first of all loaded with just a single ONU since it cannot be guaranteed 
that customers will leave their ONU connected to the optical access network. These free 
and individual ONUs cannot be considered to contribute a pump if they are left inactive. 
On the other hand, cases where the user does not necessarily have access to the ONU 
are feasible such as it is the case in multiple dwelling units with shared optical access 
and collection of low-bandwidth traffic. The latter type of ONUs can be seen as 
bounded to the tree and are able to seed a pump also when they are inactive. 
 The seed loop itself can be adapted to these scenarios but can be in principle from 
one of two types: a local, concentrated seed loop whose ASE filter that determines the 
seed wavelength is placed locally at the ONU, or a distributed, giant seed loop that is 
transparent for the ONU in terms of an external ASE filter in the fiber plant. Both kinds 




































Fig. 6.14. Concentrated seed loop design with (a) an EDF at the bidirectional 
port of the ONU and (b) an EDF inside a dual-stage splitter. (c) Giant seed 
loop with pump multiplexing. 
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The concentrated seed loop suffers from the disadvantage that the EDF has to be placed 
between power splitter and ONU since otherwise high saturation output power levels 
are required for the SOA due to the attenuation that the pump experiences when passing 
the second splitter stage (shaded box in Fig. 6.14(b)) towards the EDF. 
 On the contrary, the giant seed loop with its external ASE filter can provide 
additional pump multiplexing while the seeded pump can be bypassed through the 
second splitting stage thanks to the multiplexing capability of the loop that is achieved 
by using different ASE filters in the fiber plant. This allows to achieve high pump 
power values even with moderate saturation power levels of the SOA and keeps a 
colorless ONU design. As it is obvious from Fig. 6.14(c), this advantage is obtained at 
the cost of some losses such as the insertion loss of the pump multiplexer or the loss of 
the redirecting circulator that acts as loop mirror. 
 The granularity of the seeded pumps is not only limited by the need for a sufficiently 
strong ASE feedback towards the SOA (i.e. a spectrally broad feedback) but depends 
also on the network design of the tree segment. Considering the case that the EDF is 
placed inside the power splitter to reduce its net splitting loss, the number of ONUs that 
are bundled in a single seed loop is determined by the split M of the second splitting 
stage. In a simple topology where half of the ONUs are used for forward pumping of the 
EDF and the other half for backward pumping, the number of required pump 
wavelengths is hence M/2. 
 
A summary of possible scenarios is given in Table 6.1. Focus will be given on the giant 
seed loop during the later evaluation due to its higher efficiency. 
 

















efficiency drops quickly 
with loss between ONU 
and EDF, e.g. given by the 
second stage of a tree 
splitter that is divided into 
two parts 
pumps cannot be combined 
due to preserving a colorless 
ONU design, therefore still 
vulnerable to splitting stages 

















gain is determined by the 
seeding capability of a 
single ONU, therefore the 
seed loop efficiency 
matters, 
splitting stage between 
ONU and EDF possible 
very high gain possible by 
bundling pump wavelengths, 
even with separated splitter 
stages 
Table 6.1. Possible scenarios for applying an ASE-powered extender box 
regarding ONU connectivity and seed loop design. 
 
Regardless of the exact seed loop design the ASE is shaped with the 1480/1550 
waveband splitters that are used to insert the seed loop. An example for the spectral re-
allocation of the ASE noise with a filter at 1480 nm is shown in Fig. 6.15 for a SOA 
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with an ASE spectrum that is centered at 1492 nm. Next to the emission of a strong and 
spectrally broad pump between 1480 and 1490 nm, the ASE background in the C-band 
is suppressed due to the shared carrier reservoir in the SOA. Note that the peak in the 
ASE spectrum at the peak wavelength stems from residual reflections that already 
caused lasing for high bias currents. The dip in the shaped ASE at 1500 nm is caused by 






























































DS -> 1:32, EDF
US -> 1:32, EDF
DS 1ONU -> 1:16, EDF, 1:2
US 1ONU -> 1:16, EDF, 1:2
DS 1ONU -> 1:8, EDF, 1:4
US 1ONU -> 1:8, EDF, 1:4
DS all -> 1:16, EDF, 1:2
US all -> 1:16, EDF, 1:2
DS all -> 1:8, EDF, 1:4






















DS -> 1:32, EDF
US -> 1:32, EDF
DS 1ONU -> 1:16, EDF, 1:2
US 1ONU -> 1:16, EDF, 1:2
DS 1ONU -> 1:8, EDF, 1:4
US 1ONU -> 1:8, EDF, 1:4
DS all -> 1:16, EDF, 1:2
US all -> 1:16, EDF, 1:2
DS all -> 1:8, EDF, 1:4
US all -> 1:8, EDF, 1:4
 
(b) 
Fig. 6.16. Obtained EDF gain as function for the EDF length for down- (DS) 
and upstream (US), shown for different combinations of loss distribution inside 
the dual-stage power splitter. (a) Concentrated seed loop where pump and 
signal are both attenuated on the way to the EDF and (b) giant seed loop 
where the pump is fed-through to the EDF across the second splitting stage. 
The tree is either full with ONUs (labeled “all”) or only one ONU is connected 
(labeled “1ONU”). The black lines indicate the optimum EDF length. 
 
 
Optimum EDF Length 
 
Depending on the strength of the seeded pump, the EDF length will have to be 
optimized. A simulation has been carried out to illustrate the impact of an EDF length 
mismatch. The SOA at the ONU had its ASE spectrum centered at 1492 nm and a small 
signal gain and noise figure of 23.3 dB and 6.4 dB at 1550 nm. The saturation output 
power at 1530 nm was 12 dBm and a pump power of 8 dBm can be obtained at 1480 
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nm at the output of the simple concentrated seed loop, where the 90% port of a 10/90 
coupler (CP in Fig. 6.14(a)) is used to extract the pump. In the case of the giant seed 
loop the considered pump wavelengths were 1460, 1470, 1480 and 1490 nm. 
 Different combinations of splitting ratios in the first and second splitting stage were 
analyzed. Fig. 6.16 shows that although an optimum EDF length exists, the gain does 
not change strongly for moderate variations of the EDF length for most of the cases. 
The gain for down- and upstream is identical since the stronger signal clamps and 
therefore sets the gain in the EDF. 
 
 
Rayleigh Backscattering and Noise Accumulation across the Tree 
 
A power splitter with lower loss leads to decreased launched power from the RN at the 
root of the tree towards the ONU and also to a higher input power of the upstream into 
the RN. Therefore, the critical degradation in the OSRR due to the combination of 
feeder fiber and splitter, where the fiber comes before the splitter and is fed at the same 
time with a higher optical power, can be faced too. The partially transparent splitter will 
relate a stronger upstream to the RB caused by the downstream, which is now also 
weaker compared to the original scenario with lossy power splitter. 
 The OSRR can be assessed according to the conditions in the tree, as they are 
sketched in Fig. 6.17(a). The important parameters are the launched downstream power 
Λ and the RB coefficient ∆ of the feeder fiber, which determine the amount of 
backscattered light ζ, the loss Φ of the feeder and loss Σ of the splitter as well as the 
reduction χ in its loss due to the gain provided by the EDF. The required input power J 
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Fig. 6.17. (a) Scheme of the tree segment in the PON where RB is caused 
and (b) RB coefficient of EDF and SMF as function of its length. 
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Considering a 20 km long feeder fiber with 4.5 dB loss and a RB coefficient of -33.6 
dB, a 1:32 power splitter with 16 dB loss and a required input power of -15 dB at the 
ONU that provides an output level of 0 dBm, the OSRR without EDF gain is 17.6 dB. 
This low OSRR can penalize upstream transmission if no additional techniques for the 
mitigation of RB are applied. 
 The reduction in the effective splitter loss gained by the pumped EDF at its output 
port will affect the OSRR doubled due to the bidirectional tree segment: while the 
launched downstream can be reduced according to the lowered insertion loss of the 
splitter for keeping the same input power of the ONU, the upstream arrives stronger at 
the feeder fiber where significant RB is produced in the initial scenario. For this reason 
a moderate to low EDF gain of 10 dB will already boost the OSRR to a high value of 
37.6 dB. Note that in this simple model no EDF saturation is taken into account and no 
RB from the EDF is considered, neither in the upstream nor in the downstream direction. 
 The latter RB effect in the EDF is pronounced compared to SMF and might therefore 
impose a serious limit. Considering a HE980 EDF, the RB coefficient increases with the 
EDF length and saturates at a length around 15 m to a value below -17 dB (Fig. 6.17(b)). 
To assess the impact of this effect in a more accurate way, a simulation for both RB 
impacts was carried out whose results are shown in Fig. 6.18(a) for the two proposed 




















OSRR DS, feeder OSRR DS, EDF OSRR DS, diff.














































































































































































OSNR US EDF output
OSNR US RN input, no tree noise
OSNR US RN input, accumulation


























































































































































Fig. 6.18. (a) OSRRs for down- and upstream due to RB caused by the feeder 
fiber and the EDF. (b) OSNR degradation when only the active ONU is 
present at the tree for different scenarios. 
 
The feeder fiber and the EDF have different impacts on down- and upstream due to their 
location in the tree segment. RB in the EDF determines the OSRR of the downstream 
while the feeder fiber does for the upstream. The OSRR difference in Fig. 6.18(a) is 
defined as the difference between the OSRR of the dominating and the weak source of 
RB and becomes smaller once the ratios of the two splitting stages are equalized. The 
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critical RB contribution has been found to be the one into the downstream direction, 
which derives from the relatively strong upstream signal due to the lower split in the 
second splitter stage. By increasing the splitting ratio in the second splitter stage, the 
OSRR can be improved while the upstream is not effectively affected by RB. 
 
The particular noise contributions from the EDFs inside the power splitter accumulate 
across the whole tree. Since N EDFs are required for the case of having a split of 1:N at 
the first splitting stage, the accumulation worsens if the EDF is placed closer towards 
the ONU. Even for the scenario where an EDF is placed between power splitter and 
ONU, as it is sketched in Fig. 6.19, the requirement of receiving downstream (i.e. a 
pump has to be provided by each ONU to feed the EDF) leads to the worst case 
although the ONUs are not considered to be bounded to the tree. However, the worst 
case has to be considered so that 32 ONUs will contribute with ASE noise at their 
corresponding EDFs. 
The noise that is caused by the inactive ONUs will be added to the upstream of the 
active ONU with a magnitude close to the one of a single EDF. Therefore, to assess the 
impact of ASE accumulation, all the EDFs of the inactive ONUs can be virtually 
replaced by a single EDF and a single inactive ONU while the power splitter is 































Fig. 6.19. Inactive ONUs lead to a decreased OSNR due to noise 
accumulation. (a) Initial 1:32 split configuration and (b) equivalent model for 
the tree. 
 
The threshold for accumulation for which an OSNR degradation takes place after the 
upstream passes the TDM power splitter will be reached according to three conditions: 
 
 Splitting Ratio of First Splitter Stage 
The first splitting stage will determine the number of EDFs per tree and 
therefore the amount of accumulated ASE noise. 
 
 Delivered Downstream OSNR 
Noise accumulation takes effectively place if the noise that is added has an 
approximately equal of higher level than the noise that is already present in the 
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upstream signal. If the noise degradation of the down- or upstream signal along 
the light path is already high so that in turn the OSNR is that low that the 
accumulation from all the inactive branches of the tree will not have a 
significant effect on the overall OSNR. Note that the noise generated by the 
inactive tree branches does not depend on the downstream OSNR. 
 Noise Shaping Efficiency 
The input noise level of the EDF in the spectral region of the C-band will 
depend on the spectral shaping obtained in the SOA of the ONU. For the case 
that noise power is taken away from the C-band due to the seeding process, the 
ASE emitted by the EDF itself will be dominant and lead to the lowest bound 
of generated noise in the EDFs for the inactive tree branches, where no 
upstream transmission is actually taking place due to the TDM scheme. 
 
An evaluation of the OSNR levels along the tree can be seen in Fig. 6.18(b). The OSNR 
for the downstream after amplification in the RN was considered to be already degraded 
to 40 dB and the noise figure of the SOA inside the ONU was chosen with 8 dB. 
 It can be seen that the degradation due to noise accumulation is quite low and does 
not deviate strongly from the original PON scenario where no EDF is present at all 
(26.1 dB). An important parameter is the location of the EDF. If the tree is divided into 
more balanced sections with splitting stages of equally distributed insertion loss, the 
OSNR can be improved. 
 
 
6.3.2 Experimental Proof of Concept 
The giant seed loop scenario where four ONUs are seeding the EDF that is placed 
between a 1:8 and 1:4 splitter stage was considered to further evaluate the performance 
of the transparent power splitting experimentally [219]. This PON, shown in Fig. 6.20, 
is referred to as the modified PON and will be compared with the standard PON, which 
has a tree that consists of the same feeder fiber connected to a 1:32 splitter. 
 The ASE in the pump waveband is shaped into a specific range with the WDM 
multiplexer (M1, M2) at the fiber plant to keep the ONU colorless. This allows to 
combine the pumps of a few ONUs for a single EDF, in this case two 1460/1480 
combiners allow for four pumps at the EDF. With the losses in the loop and the feed-
back to the SOA that is provided by 20/80 couplers (CS1, CS2), a pump of 5.5 dBm per 
ONU is obtained at the EDF input, shaped at 1480 and 1460 nm. A 15m long HE980 
EDF with good pump conversion efficiency was inserted between a 1:8 and 1:4 splitting 
stage. Two ONUs were seeding at 1480 and 1460 nm while two laser diodes, with their 
output power adjusted to the obtained seed power, were emulating the two other ONUs 
at the 1:4 splitting stage. 
 As the SOAs in the ONUs that are not transmitting any upstream data are active, 
noise accumulates across the tree. A coupler (CA) was therefore added with an ASE 
source, adjusted to the corresponding ASE of all other ONUs across the tree. 
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Fig. 6.21. Signal power (solid) and OSNR (dashed) for (a) the standard PON 
and (b) the modified PON for the case with and without noise accumulation 
across the tree. The latter shows reduced dynamics due to the distributed 
amplification scheme, and raises the OSNR and OSRR. 
 
 
Chapter VI. Seeding Techniques  222 
 
The tree segment was fed from the RN with the downstream, having a variable launch 
power PRN but a fixed OSNR of 40 dB. For comparison a standard PON with the same 
feeder SMF of 25 km and a 1:32 splitter was also evaluated. At the ONU a remodulator 
consisting of a MZM was used after a 50/50 coupler (CO). No downstream modulation 
was present on the optical carrier at 1552.52nm to avoid additional errors deriving from 
an unsuppressed pattern. The upstream was modulated at 5 Gb/s with a PRBS of length 
2
31
-1. The receiver of the OLT comprised of an EDFA and an APD. Several optical 
band-pass filters for ASE rejection had a bandwidth of 100 GHz. 
 The standard PON suffers from strong power dynamics (Fig. 6.21(a)) due to the 
high splitter loss. A launched power of 0 dBm is necessary to keep the OSNR higher 
than 25 dB after the first SOA pass. The OSRR is <10 dB with present feeder fiber, 
making any transmission impossible (Fig. 6.22(a)). Even for the back-to-back case for 
which the fiber was replaced by attenuation, the budget is too high to maintain 
transmission for a decreased launch without additional amplification in the tree.  
 The modified PON has a smoothed signal evolution (Fig. 6.21(b)) due to the 
distributed amplification scheme. The splitter loss is reduced from the theoretical value 
of 15 dB (in practice it will be ~16 dB due to excess loss) to 6 and 7.5 dB for down- and 
upstream when a power of -5 dBm is launched from the RN. The OSNR is then 30.4 dB 
at the downstream reception, while it is 29.3 and 26.8 dB for the upstream without and 
with ASE accumulation at the tree. The OSRR can be maintained as high as 18.6 dB for 
a launched power of 5 dBm and is bigger than 23 dB for 0 dBm or less. A trade-off 
exists for the launched power regarding the OSNR and OSRR: the OSNR can be kept 
high with a strong downstream, however, the OSRR decreases due to saturation effects 
in the amplifiers along the upstream path. For a lower launch the OSRR is improved at 
the cost of the OSNR. Transmission in the modified PON is also possible with present 
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Fig. 6.22. BER measurements for (a) the standard PON and (b) the modified 
PON. For the ease of reading, some curves are not shown. Measurements 
are taken for the case without (solid) and with (dashed lines) ASE 
accumulation, in the back-to-back (hollow) case and with feeder fiber (filled 
markers). Several curves correspond to a PRBS of length 2
31
-1 if not 
otherwise mentioned. 
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The penalty in sensitivity for a BER of 10
-10
, referenced to the back-to-back case with 
optimum launch, is shown in Fig. 6.23. The optimum levels were 5 dBm for the back-
to-back cases due to the high OSNR and the absence of RB, and -5 dBm for the 
modified PON with feeder fiber, having a penalty of 1.6 dB and additional 0.6 dB 
caused by ASE accumulation across the tree. A BER floor is only present for the 
highest launch of 5 dBm. The downstream OSRR has been found to be >20 dB for a 
launched power of -5 dBm and is therefore the lower one compared to the upstream 
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Fig. 6.23. Penalties for a BER of 10
-10
, referenced to the optimum launch  
in the back-to-back case. 
 
Thanks to the seed loop the carrier density in the SOA is clamped. The patterning 




-1, deriving from the transient distortions 
introduced by the gain dynamics of the SOA, is reduced to 0.7 dB for a launch of 0 
dBm and is therefore much lower when compared to the 2.9 dB of the standard PON. 
 
The overall benefit from the partially transparent power splitter is summarized in Table 
6.2.  
 
With the assumed conditions between OLT and RN, having an OSNR of 40 dB and an 
optimum launch of -5 dBm, power margins of 8 and 21.2 dB for down- and upstream 
can be reached. These margins can be further increased by remote amplification in the 
RN, providing margins above 23 dB when a gain of 15 dB is assumed in the RN [7]. 
This would correspond to a ring reach of 50 km and an additional split of 1:16, forming 
with 32 wavelengths a PON that can serve 16.3k customers. 
 The feasibility of this self-pumped approach will be now proven in three different 
PON architectures. The widespread usage of SOAs enables thereby the proposed 
technique to be deployed in a variety of ONU designs with downstream receivers that 
contain a SOA as preamplifier in ONUs with externally modulated lasers (EML) or with 
transmitters that are based on a combination of SOA and REAM or solely on RSOAs. 
For the last case, the seed loop will have to be modified as sketched in Fig. 6.24. 
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Criteria / Figures of Merit 
 











OSRR < 10 dB 
for PRN = 5 dBm: 
OSRR = 5.9 dB 
 
FEC threshold cannot be 
reached for a 
25 km feeder fiber 
for highest launched power 
of 5 dBm:  
OSNR = 31.2 dB 
 
strong degradation for lower 
launched power, 
27.4 dB for PRN = 0 dBm 
22.7 dB for PRN = -5 dBm 
 
patterning due to long PRBS 
given in the SOA, 
penalty of 2.9 dB between 
lengths 231-1 and 27-1 
 
high launched power of 5 dBm 
from the RN to keep the OSNR 
high requires a strong pump to 
be transmitted from the OLT to 
the RN 
 
high without noise 
accumulation: 
36 dB for PRN = 5 dBm 
32.3 dB for PRN = 0 dBm 

















 OSRR > 18 dB 
for PRN = 0 dBm: 
OSRR = 23.5 dB 
improvement > 17 dB 
 
for launched power levels 
of 0 dBm and below, a BER 
of 10-10 can be reached with 
a penalty < 3 dB 
 
degradation due to noise 
accumulation: 
3.3 dB for PRN = 5 dBm 
3dB for PRN = 0 dBm 
2.4 for PRN = -5 dBm 
patterning in the SOA reduced 
due to gain clamping with the 
seed loop, 
penalty reduced to 0.7 dB 
 
launched power can be in the 
range of 0 to -5 dBm, therefore 
pump reduction for drop 
amplification is expected 
   
Table 6.2. Performance evaluation for the standard and the modified PON, the 





































Fig. 6.24. Scheme of the optically noise-powered extender box, placed 
between the two tree splitting stages with split 1:N and 1:M. The seeding 
mechanism can rely on a SOA or a RSOA inside the ONU. 
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6.3.3 Scenario 1: Reflective ONU based on SOA and REAM 
The transmission performance of a self-pumped PON was first assessed with an ONU 
implementation that contains a transmitter that is based on a SOA and a REAM [220]. 
Focus is given only on the upstream transmission although full-duplex transmission 
could be easily obtained by adding a downstream signal on a separate wavelength in 
another waveband. 
 The experimental setup of the hybrid PON, shown in Fig. 6.25, corresponds to a tree-
like architecture in which a 1x40 AWG with a channel spacing of 100 GHz is preceding 
a dual-stage power splitter with an overall split of NxM = 32. This dense PON is 
therefore capable of serving more than 1200 customers. In addition a dual SMF trunk of 
25 km length is placed between the OLT and the AWG, and the tree splitter is 
connected to the AWG via a 10 km long feeder SMF. RB effects are therefore 



































































Fig. 6.25. PON architecture with dual-stage power splitter including an 
intermediate EDF amplifier, pumped via the ASE output of the SOA+REAM 
based ONU. 
 
An unmodulated optical carrier at 1559.6 nm is transmitted from the OLT towards the 
ONU, where the upstream data is continuously imprinted via the REAM, using a data 
rate of 10 Gb/s and a PRBS with length 2
31
-1. Upstream reception at the OLT occurs 
with a PIN diode that is placed after an EDFA preamplifier with a noise figure of 4.7 dB 
and a 200 GHz band-pass filter. A DCF with a dispersion of -671 ps/nm compensates 
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for the pulse broadening along several fiber spans, which is pronounced due to the chirp 
of the REAM. 
 Since the REAM is subject to high intrinsic losses of ~16 dB, SOAs are placed 
at the ONU to act as preamplifier and booster. Since a single integrated SOA+REAM 
device with high saturation output power was not available, this configuration with a 
dual SOA was chosen to avoid cross-gain modulation between the outgoing REAM 
signal and the incident unmodulated optical carrier. 
 The preamplifier-SOA is not only intended to level the received optical carrier but 
also to seed the EDF pump in the 1480 nm waveband. The giant seed loop is spanned as 
explained previously and contains a 1x2 pump multiplexer for the 1480 and the 1490 
nm wavelength. These spectral pump windows are compatible with the 15 m long 
HE980 EDF, which was inserted between the 1:8 and 1:4 splitting stage. Due to a 
limited availability of components, the EDF pumps of the three other ONUs that 
contribute to the overall pump seed were emulated by laser diodes that were set to the 
obtained pump power values of the shaped ASE from the other three ONUs. 
 
The spectra of the seeded pumps for both channels are shown in Fig. 6.26(a) for the case 
that a single ONU is seeding in one of these channels. The spectra are thereby located at 
the maximum overlap between the ASE spectrum of the SOA, which has a maximum at 
1492 nm, and the transmission of the pump channels. A shift of the nominal pump 
wavelengths is therefore given. Besides, the pump spectrum is tilted towards longer 
wavelengths due to the chirp of the SOA [214]. 
 The shared SOA gain medium for the shaped ASE and the upstream carrier lead to a 
reduction of the EDF pump once the power of the upstream carrier increases. However, 
for reasonable input values below -12 dBm for the carrier, there is no significant 
reduction for the pump, as can be seen in Fig. 6.26(b). Power values of 6.4 and 5.9 dBm 
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Fig. 6.26. (a) Spectra of the injected EDF pumps that can be obtained in one 
of the channels by a single ONU and (b) delivered pump power for different 
power values of the received upstream carrier. 
 
For these pumps, the EDF provides a gain of 8.9 and 10 dB for the unmodulated carrier 
and the modulated upstream signal, and reduces the net splitting loss of the 1:32 splitter 
to just 6.6 and 5.5 dB, respectively. 
 The evolution of the power levels for down- and upstream is shown in Fig. 6.27 
together with the OSNRs for the upstream. Three different power levels of PTX = 4, 7 
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and 10 dBm have been considered for the launched upstream carrier (A). For a launch 
of 7 dBm the power levels and OSNRs are -8.2 dBm and 53.3 dB at the input of the 
power splitter (D) and -14.8 dBm and 33.2 dB at its output (G) when reaching the ONU. 
While a stronger launch of 10 dBm does not benefit from additional output power at the 
EDF, the OSNR of a weaker launch of 4 dBm is additionally degraded. The strong 
OSNR degradation to 23.1 dB for a launch of 7 dBm at the booster SOA (I-G) is caused 
by the high intrinsic loss of the REAM (H-I) that was 16.8 dB. However, the net gain of 
the ONU (G-H-I-G) is 8.1 dB. On the return path, the signal reaches the power splitter 
(G) with -6.7 dBm and the feeder fiber (D) with -12 dBm and an OSNR of 22.1 dB, 
already considering the noise accumulation from other EDFs. The signal arrives 
with -26.3 dBm at the OLT receiver and sets the available power for upstream 
reception. For a weak launch of 4 dBm not only the received power is lower with -30 
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Fig. 6.27. Signal evolution for three different launches of the upstream carrier. 
 
The OSRR at the feeder fiber (C) is 26.8 and 24 dB for a launch of 7 and 10 dBm, 
respectively. The OSRR contribution from the EDF was 28.7 dB and therefore not 
dominant due to the high loss of the first splitter (i.e. the low EDF input power).  
 
The high loss budget of the PON restricts to reach low BER values of 10
-10
 for launched 
upstream carriers of 4 and 10 dBm. This is caused by error floors which derive from the 
low OSNR and the RB in the feeder fiber, respectively. However, for the optimum 
launch of 7 dBm a BER of 10
-10
 can be reached. The power margin is then 1 dB and 
could be increased to 7.7 dB with the incorporation of FEC. 
 Note that if the EDF-based extender box inside the splitter is removed, the high loss 
budget prevents data transmission due to a low received upstream signal power level 
below -40 dBm and/or a low OSNR and OSRR, even at the FEC level. 
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Fig. 6.28. BER measurements for different upstream carrier launches. 
 
 
6.3.4 Scenario 2: ONU based on Gated EML 
In the second case study the reflective transmitter of the ONU is replaced by a laser 
diode that was integrated together with an EAM [21]. Especially for high splitting ratios 
such an approach is common [20,221]. Together with a booster SOA this allows to 
launch a powerful upstream signal from the ONU, which does not suffer from OSNR 
degradation due to modulation of an already noisy optical carrier as in the previous 
scenario. However, a degradation can be given for high splitting ratios if the pass-
through loss of the SOA is not high enough in its off-state since residual power from the 
EMLs across the tree will then cause crosstalk [222]. 
 The investigation aims at achieving high splitting ratios by investigating the best 
combination between the first split N and the second split M at the tree segment. The 
































































Fig. 6.29. Self-pumped PON with an ONU transmitter based on a gated EML. 
 
The 10 Gb/s downstream is provided at 1531.9 nm via a MZM while the 10 Gb/s burst-
mode upstream was transmitted at 1548.22 nm with a GPON-compatible 125 µs frame 
and a duty cycle of 1:4. A PRBS of length 2
31
-1 was chosen for both data streams. 
Separation of down- and upstream is therefore possible with red/blue splitters inside the 
C-band. The same OLT receiver and the same EDF as in the previous scenario were 
used. 
 Since the booster-SOA at the ONU is intended to be gated for burst-mode 
transmission, it is not possible to reuse it for seeding a pump. Instead, the ONU receiver 
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is implemented by a combination of SOA+PIN diode that substitutes the typically used 
APD. The SOA had a noise figure of 8.9 dB, and the optical reception bandwidth for the 
PIN diode was 20 nm. The seed loop is spanned in a similar way over the ONU while at 
the second splitting stage just four ONUs are connected. The obtained pumps at 1480 
and 1490 nm are similar to the ones reported previously. With power levels for the 
received downstream below -15 dBm, there is also no significant degradation for the 































































Fig. 6.30. (a) Seeded pumps injected into the EDF and (b) impact of the 
received downstream on the pump power. 
 
The obtained EDF gain is shown in Fig. 6.31 for different split combinations. Since the 
upstream arrives strong at the EDF for a low second split M, it sets the saturation point 
and clamps the gain, which is also low in this case. The gain of the weaker downstream 
is then quite independent of the first split N. Just for the case that the first split N is very 
low and the second split M is high at the same time, the downstream has significant 
influence on the upstream gain. Note that the upstream gain is slightly higher due to the 
burst-mode transmission and the resulting EDF gain transients since the chosen packet 
length of 31.5 µs is small enough to still have some excess gain of ~0.5 dB at the end of 
the packet (Fig. 6.32) while no severe asymmetries have been observed in the eye. 
There was no visible patterning of the continuous-mode downstream due to the bursty 
upstream traffic. 
 
   
Fig. 6.31. EDF gain provided for (a) the downstream at 1531.9 nm and (b) the 




Chapter VI. Seeding Techniques  230 
 




Fig. 6.32. (a) Continuous-mode downstream and (b) burst-mode upstream 
signal for a split combination of NxM = 16x64. 
 
For the BER contour measurements, the two splitting ratios 1:M and 1:N were emulated 
with variable attenuators, whereby a excess loss of 0.5 dB for each splitting stage was 
considered. The splitting loss for each attenuator was independently increased in steps 
of 3 dB (i.e. a doubling the splitting ratio). An important measure to explain the BER is 
the OSNR, which is shown in Fig. 6.33(b) and 6.33(d) for the upstream. 
 The downstream BER, presented in Fig. 6.33(a), shows a strong tilt in its iso-BER 
curves. This is caused by the OSNR degradation in the EDF between the splitting 
stages. For a certain split N (e.g. 32) the second split M does not cause additional 
penalties unless it reaches higher values (e.g. 128), meaning a further OSNR 
degradation due to the SOA in ONU receiver. An overall 1:4k split is possible for a 
downstream BER of 10
-10
 for NxM = 16x256. Preferring higher second splits, a PON 
split of 1:2k is possible for a series of split combinations. The total split can be extended 
to 1:8k (NxM = 16x512, 32x256, 64x128) with FEC. 
 The iso-BER curves of the burst-mode upstream without noise accumulation across 
the tree are following the iso-split of the PON if there is no ASE accumulation at the 
first splitting stage (Fig. 6.33(c)). This can be explained by the quite constant upstream 
gain which is independent of the first split N, leading in turn to a low upstream OSNR 
for a high total split regardless of the split combination NxM (Fig. 6.33(b)). BER values 
of 10
-10
 can be obtained for a total split of 1:4k, preferring equal splits. The total split 
can be raised to 1:8k for additional FEC. 
 Including the influence of ASE accumulation, the OSNR worsens for higher first 
splits N so that a split M>N is preferred (Fig. 6.33(d)). This means not only less 
employed EDFAs in the fiber plant but leads to a more distributed amplification scheme 
at the same time. The iso-BER curves for the upstream, shown in Fig. 6.33(e), follow 
this OSNR degradation and are shifted towards a reduced total split. Nevertheless, 
reception at a BER of 10
-10
 can be obtained for an overall split of 1:1k for not too high 
first splits (NxM = 8x128, 16x64, 32x32, 64x16), while a total split of 1:4k can be 
achieved with the help of FEC, preferably for higher second splits (NxM = 8x512, 
16x256, 32x128, 64x64). 
 The continuous-mode upstream performs slightly worse compared to its burst-mode 
operation. Fig. 6.33(f) shows the continuous-mode BER contour for the case of noise 
accumulation. The difference is obvious for iso-split combinations with low second split 
M since then the upstream arrives strong at the EDF and experiences an enhanced gain 
transient due to saturation of the EDF. Total splits of 1:1k are then limited to a much 
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smaller set of compatible split combinations (N×M = 8×128, 16×64), while FEC can 
still provide overall splits up to 1:4k (N×M = 8×512, 16×256, 32×128). The reason for 
this difference is the build-up of EDF gain during the idle time when no data packet is 
present in the TDM frame. In a realistic network, packets from other ONUs would fill 
up these unused time slots so that the overshoots are not experienced in the same way 





Fig. 6.33. BER and OSNR contours for different splitting ratios M and N.  
(a) Continuous-mode (CM) downstream BER, (b) upstream OSNR without 
noise accumulation, (c) burst-mode (BM) upstream BER without noise 
accumulation, (d) upstream OSNR with noise accumulation, (e) burst-mode 
upstream BER with noise accumulation and (f) continuous-mode upstream 
BER with noise accumulation. 
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Table 6.3. Compatible splitting ratios respecting noise accumulation. The 
green, orange and blue colour represent transmission without upstream FEC, 
with upstream FEC and the case of solely downstream reception. 
 
Considering full-duplex transmission, the maximum split is limited by the upstream 
reception, allowing a PON split of 1:1k at a BER of 10
-10
 (NxM = 8x128, 16x64, 32x32) 
and 1:4k with FEC (NxM = 8x512, 16x256, 32x128, 64x64). Although these high splits 
limit the guaranteed bandwidth per user, it shows that a high customer density of PONs 
is not restricted by the split, making such PONs attractive for very short reaches with 
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Fig. 6.34. Spectra of the upstream signals along the PON. The power level of 
the upstream data signal corresponds to its burst-mode duty cycle of 1:4. 
 
The particular case of NxM = 16x64 is chosen among the error-free iso-split 
configurations to avoid strong noise accumulation and further analyzed in its power 
margins. This PON has a loss budget of 39.5 dB, which is far beyond the GPON class 
C++ or 10G PON Extended Class. 
 Fig. 6.34 presents the spectra in upstream direction at different locations inside the 
PON for this split combination. The signal at the ONU output consists of the EDF pump 
and the burst-mode upstream. The background at the (blue) downstream waveband is 
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caused by the C-band ASE emission of the SOA, while the artifacts at the downstream 
wavelength stem from an amplified reflection in the ONU and later, on the way to the 
OLT, also from RB. The noise accumulation, marked as ∆ASE, causes an OSNR 
degradation of ~12 dB for the upstream. 
 For the downstream (Fig. 6.35(a)) no degradation has been experienced due to the 
bidirectional amplification of the continuous down- and the burst-mode upstream in the 
common EDF at the tree splitter. The difference of ~0.1 dB in the sensitivity at a low 
BER of 10
-10
 proofs an unpatterned and therefore flat envelope of the downstream as it 
is also obvious from Fig. 6.32(a). The power margin at this BER is 3.4 dB and could be 
increased to 7.8 dB with FEC. 
 The upstream that was measured in continuous- and in burst-mode is shown in Fig. 
6.35(b). Without noise accumulation at the first splitting stage the burst-mode 
transmission benefits from the gain overshoots of the EDF and has a 1.7 dB better 
sensitivity at a BER of 10
-10
 when compared to a continuous data stream. When noise 
accumulation is taken into account an error floor appears in continuous mode while a 
BER of 10
-10
 can still be reached in burst-mode, though a penalty of 2.1 dB is suffered. 
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Fig. 6.35. (a) Down- and (b) upstream BER measurements for a PON with a 
split of 16x64. 
 
Finally, the pump delivery for a realistic deployment scenario with a split M >> 4 will 
be assessed. This means that just a small percentage of ONUs of Fig. 6.29 is required to 
provide the EDF pump for the overall number of M ONUs connected to this second 
splitting stage. If the ONUs are bounded by their operational aspect and not 
disconnected from the tree, arbitrary ONUs can be used to generate this pump. On the 
contrary, if ONUs are not supposed to be permanently part of the access network since 
it is left to the customer to decide its connectivity, the seed loop has to be slightly 
modified. Unfortunately, the simplest approach of employing a pump multiplexer with 
M/2 seed channels fails since the sliced ASE that is provided as feedback to the SOA is 
not strong enough for narrow pump channels. This is obvious when looking at the 
analytical requirement for the establishment of the pump that can be derived from the 
common lasing condition. The gain G of the SOA, which depends on the downstream 
power level PDS has to be large enough to compensate not only for the accumulated seed 
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loop losses LSL during the round-trip of the ASE but also for the slicing losses ξ in the 
pump multiplexer, where most of the ASE emission of the SOA is rejected during the 















The slicing losses are thereby determined as the ratio between the channel width δΛ of 
the pump multiplexer and the typically much larger 3-dB bandwidth δΑ of the ASE 
spectrum of the SOA that falls in a suitable pump wavelength range. The factor 2 is 
included to account the reduced ASE emission at the 3-dB border of the emission 
spectrum. Since the SOA at the ONU receiver had a small signal gain of >22 dB and an 
ASE bandwidth δΑ of 38 nm, the pump channels that were 10 nm broad could be 
reduced to multiplex at least 4 pump wavelengths. This would in turn not only provide a 
stronger pump to the EDF but allow also placing additional drop losses between the 























































Fig. 6.36. (a) Resilient pump multiplexing in the loopback of the seed loop 
head-end and (b) multiplexed pump seed for the resilient combination of 4 
seed loops and an arbitrary seed wavelength of 1550 nm. 
 
The alternative solution aims at the incorporation of a resiliency mechanism as it is 
sketched in Fig. 6.36(a). The ONUs are thereby arranged in quadruples, each of them 
forming a separate seed loops at both sides of the EDF. The multiplexed pumps of these 
loops can then be combined with M/4×1 splitters thanks to the incoherent nature of ASE 
noise. It is then possible to generate a powerful pump even when a bunch of ONUs is 
disconnected from the tree. 
 Fig. 6.36(b) shows the multiplexing of 4 seeds that have been obtained with EDF-
based amplifiers for the proof of this concept since there were not enough SOAs 
available for establishing these seeds at 1480 nm. The individual seeds from the 4 
different loops have the same magnitude at their center wavelength of 1550 nm. The 
relative power is further defined at this center wavelength. As can be seen, a loss of 6.7 
dB is experienced when passing a single seed through the 4×1 splitter that acts as 
resiliency coupler to combine the particular seeds. By adding the three other seeds, the 
combined seed shows a power loss of just 0.65 dB, which corresponds to the excess loss 
of the 4×1 splitter – as it was also experienced by the single seed considering the 
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theoretical splitting loss of 6 dB. The excess loss would have to be further minimized to 
avoid deficiency for the pump due to the introduction of the resiliency mechanism 
[223]. 
 With a power margin Π between the obtained multiplexed pump seed and the 
required EDF pump for sufficient amplification, and an excess loss ε for the resiliency 
coupler, the maximum allowed number µ of disconnected ONUs at the second splitting 











where Π and ε are given in Decibels. For a second split M = 64, a margin of 1 dB and an 
excess loss 0.5 dB, correct operation can be guaranteed for a drop of up to 7 ONUs. 
 
 
6.3.5 Scenario 3: ONU based on a RSOA 
In the third and last case study the ONU transmitter is reduced to a single RSOA, which 
is advantageously used for data signal remodulation and EDF pump generation [24]. 
 The PON architecture, shown in Fig. 6.37, corresponds to the one that was also used 
in the first scenario but with a swapped splitting ratio N and M for the first and second 
splitter, respectively. This is motivated by the expected lower pump output from the 
ONU, requiring a larger number of pump wavelengths and therefore a higher splitting 
ratio in the second stage. Down- and upstream are continuously modulated at 10 Gb/s 
on a single wavelength in the L-band. The OLT receiver was slightly altered by using 
an APD instead of the PIN diode.  
 The downstream, whose ER is reduced, is split by a 50/50 coupler (CO) at the ONU 
and remodulated by the RSOA that is identical with the one characterized in chapter 
III.5. The gain spectrum of this RSOA provides not only the possibility to amplify a L-
band data signal but also to seed a pump at 1540 nm. This in turn is compatible with e.g. 
a 50 m long C-band HE980 EDF amplifier that can offer also amplification over a wide 
wavelength range in the L-band when being pumped around 1540 nm [224]. The shaped 
ASE in the C-band is bypassed around the CO splitter with C/L waveband couplers not 
to suffer from additional loss in the seed loop. For a practical implementation with 
burst-mode traffic a switchable loss-element (SO), which could be also implemented by 
a cheap attenuator, would have to be inserted in the ONU at the data signal path 
between the CO coupler and the RSOA. Otherwise all inactive ONUs would also 
amplify and reflect the incident downstream signal towards the tree, causing severe 
crosstalk for the upstream signal of the active ONU. 
 The 1x4 multiplexers M1 and M2 in the optical distribution network had a bandwidth 
of 200 GHz for each of the four channels that were located at 1538.19, 1539.77, 
1541.35 and 1542.94 nm (Fig. 6.38(a)). The obtained pump levels were 4.5, 4.7, 5.0 and 
5.1 dBm for a RSOA bias of 200 mA (inactive ONU), and 2.2, 2.7, 3.1, and 3.3 dBm for 
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a bias of 120 mA that is used for data modulation. The RSOA gain for the data signal at 
























































































Fig. 6.37. Self-pumped PON with RSOA-based ONUs and wavelength reuse. 
The L-band data signals are amplified by an EDF that is pumped in the C-
band. 
 
Fig. 6.38(b) shows the obtained EDF gain at 1585 nm and the OSNR for the case of 
unidirectional amplification. Different signal and pump power levels were measured at 
different pump wavelengths. For a pump power in the range of the multiplexed pump 
seeds, a gain of ~10 dB quite independent of the pump wavelength can be achieved. The 
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Fig. 6.38. (a) Seeded pumps (the solid line represents inactive ONUs while 
the dashed line indicates active ONUs regarding the TDM-based upstream 
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With the reduction of the net 1:32 splitting loss from 15.8 dB to just 5 dB, the self-
pumped PON allows full-duplex transmission even with reflective ONUs based on 
RSOAs. The gain provided by the EDF stage inside the power splitter is evident in the 
evolution for the power level and the OSNR of the data signal (Fig. 6.39). The self-
pumped PON significantly benefits over the standard PON (concentrated 1:32 splitter 
without EDF and no C/L splitters in the fiber plant and the ONU) that suffers from a 
low input power into the ONU. This causes not only a severe OSNR degradation during 
remodulation with the RSOA but also a low OSRR for the upstream at the feeder fiber. 
Only with an increase in the launched power from the OLT transmitter to 10 dBm a 
reasonable signal of -22.7 dBm reaches the ONU receiver. However, the upstream 



























































































































































































PON and DS launch:
     Self-Pumped, +4 dBm
     Standard, +4 dBm
     Standard, +10 dBm
 
Fig. 6.39. Signal evolution for the self-pumped and the standard PON. 
 
On the contrary, the self-pumped PON provides a strong downstream to the ONU and 
guarantees also a high OSRR of 30.7 dB (including RB in the EDF) while the upstream 
reaches the OLT with a power of -22.1 dBm and an OSNR of 27.6 dB. Note that 
although the downstream OSNR is 33.4 dB, the reception suffers from the fact that no 
ASE filter was used after the EDF, not to further increase the complexity of the optical 
distribution network. 
 Noise accumulation is negligible as it is obvious from Fig. 6.40 where the RSOA 
noise overcasts the noise of a single EDF stage substantially so that after the 

























































































































Fig. 6.40. Upstream spectra after amplification with a single EDF stage (■) 
and after the feeder fiber without (▲) and with noise accumulation (●). Blank 
markers indicate inactive ONU while filled markers correspond to active 
ONUs. 
 
 The BER measurements are shown in Fig. 6.41 and the corresponding penalties and 
power margins are presented in Fig. 6.42. The downstream is constraint by the 
unfiltered ASE background of the EDF though a sensitivity of -22.8 dBm at a BER of 
10
-10
 can be still provided with standard APD receiver for a data rate of 10 Gb/s and an 
ER > 10 dB. For an ER of 3 dB an expected penalty of 5.4 dB is suffered over an ER of 
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Fig. 6.41. BER measurements for (a) the downstream (solid lines: self-
pumped PON, dashed lines: standard PON) and (b) the upstream (solid lines: 
PRBS length 2
31
-1, dashed lines: PRBS length 2
7
-1, filled markers indicate a 
present feeder fiber and hollow markers the case where the feeder fiber is 
replaced by equivalent attenuation). 
 
The upstream of the self-pumped PON suffers from error floors that are introduced from 
the present downstream pattern, which is only suppressed by the optical gain saturation 
effect of the RSOA. Better performance could be achieved by incorporating additional 
downstream cancellation techniques as discussed in chapter IV. However, transmission 
is possible with FEC, having a penalty of 5.5 dB over the downstream-less case and a 
margin of 2.2 dB. The replacement of the feeder fiber with equivalent attenuation did 
not enhance the upstream performance – even at low BERs, – proving that the 
downstream crosstalk is the dominant impairment and more critical than RB. 
 
 









































































Fig. 6.42. Penalties (solid lines) and power margins (dashed lines) for the 
upstream transmission and remaining downstream ER. The ● and ■ marker 




, respectively. The penalties 
for downstream (DS) and upstream (US) are referenced to downstream ERs 
of >10 and 0 dB. 
 
The demonstrated PON allows to serve >1000 customers with full-duplex transmission 
at 10 Gb/s over loss budgets equivalent to the GPON class C or NG-PON class PR30, 
considering the signal launch from OLT and ONU and the reception sensitivities for 




6.3.6 Comparison with Other Amplification Schemes 
The energy efficiency of the proposed ASE-powered extender box can be assessed with 
a simple approach similar to [13] or [26]. Comparing the additional required power at 
the ONU to seed the EDF pump, the difference to a standard ONU design is mainly 
found in the continuous gating of a SOA that is originally intended to be switched in 
burst-mode (scenarios 1 and 3). However, looking at the power-hungry 10 Gb/s 
electronics at the ONU that are used for higher layer functionalities and also the 
modulator driver for the high frequency data signals, this continuous SOA bias 
contributes just a small part of ~0.3 W when compared to a typical overall ONU power 
of 5 W [26]. Note that this contribution depends strongly on the SOA design since an 
overlap between the SOA gain spectrum and the pump wavelength of the EDF is 
required to achieve optimum energy efficiency. The semiconductor material should be 
therefore optimized by means of band structure engineering [91]. 
 Considering alternative amplification schemes that deliver a pump from the OLT 
[8,30], or schemes where electrically-powered extender boxes or protocol terminators 
are located inside the fiber plant [5,225-226], the high power consumption that is 
needed for these added subsystems requires extra power supplies and environmental 
conditioning and contribute therefore with some overhead [26]. Utilizing commercial 
equipment that is shared among 32 users per tree, these amplification schemes 
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contribute with ~1 to 4 W/user, depending on the exact realization, and eventually raise 
the capital and operating expenditures due to the need for cabinets and environmental 
conditioning in the field. 
 Especially the use of electronics at remote network nodes, applied to perform 
network protocol translation [5], shows up with a high additional power requirement of 
4 W/user. A strong reduction of this additional amount of energy consumption to just 1 
W/user can be obtained by keeping the data in the optical domain, just performing 
optical amplification with local electrical supply [225]. However, the required pump 
laser diodes and their thermal conditioning prevent to reach lower power consumptions. 
 On the contrary, remote pumping techniques allow to centralize electrically powered 
equipment [8]. Considering strong commercial pumps, the required extra power per user 
can be found about 0.4 W for the previously presented network architectures and is 
therefore comparable with the proposed technique. However, it shall be noted that a 
remote pumping scheme from the OLT has to overcome the transmission losses once 
the reach of the network is extended and requires stronger pumps in such a case. 
Although the use of pump laser diodes at the customer premises [218] would provide a 
more effective pumping scheme, it is inefficient in terms of energy consumption since 
an extra energy overhead is introduced due to the build-up of the inversion in the pump 
laser diode and also due to its extra thermal cooling for the case of a discrete ONU 
design. This has direct impact on the energy consumption per user, which raises to 




ONU Designs Supporting 
Higher Layer Functionality 
 
Designs for the customer premises that ease higher layer functionalities can be 
beneficial. This chapter presents a method that allows multi-operability and dynamic 
bandwidth allocation (DBA) thanks to an ONU design that does not have a fixed but 




Optical access solutions are not only a collection of techniques to support basic data 
transmission. With the widespread deployment of multimedia services new 
requirements for the access networks arise. Advanced functionalities to steer the burst-
like delivery of huge data contents become necessary to guarantee a smooth data 
transmission for all users of the shared network. The mechanisms used to do so are 
often found at the MAC layer or even higher. Porting this added value to the physical 
layer can be beneficial if no significant cost and performance limitations arise. 
 
 
7.2 Multi-Operability and Dynamic Bandwidth Allocation 
The bursty nature of data traffic and the time-varying data rates of down- and upstream 
can impose a limit for the data throughput on the application layer. The content delivery 
of video for example favors either highly asymmetrical data rates in case of 
broadcasting or symmetrical rates for peer-to-peer streaming [227]. Consequently, 
advanced functionalities for steering the burst-like delivery of huge data contents 
become necessary to guarantee a smooth data transmission for all users of the shared 
network. The mechanisms used to do so are often found at the higher layers. 
Alternatively, providing this added functionality at the physical layer can be, as we will 
show in this paper, beneficial if no significant cost and performance limitations arise. 
Although approaches for dynamic bandwidth partitioning already exist, they mostly rely 
on a fixed physical design for the ONU and guarantee provisioning in course of the 
delivered data rates in time division multiplexed networks, where the data rate per 
 
Chapter VII. ONUs with Higher Layer Functionality 242 
 
network segment is shared among a bunch of users [19]. Similarly, such an allocation 
scheme is also possible for dense WDM-PONs with a reduced set of optical transmitters 
[228]. 
On top of this, regulator bodies ask for unbundling and multi-operability, where 
services are delivered by two or more operators that share the same infrastructure [229]. 
This extension can be also made at the physical layer if the fiber plant itself is not 
amenable to unbundling, by dedicating separate wavelengths for the operators – 
presuming a balanced number of customers to stay efficient. The selection of the 
preferred operator is then in principle possible by inserting an optical filter at the ONU, 
however, this may not be seen as transparent enough for the user. 
 
7.2.1 Principal Scheme 
The key to transfer basic functionality from the higher to the physical layer is a 
symmetrical ONU design that employs a device which is capable to perform two 
functions (Fig. 7.1): detection of the downstream and remodulation of an optical carrier 
with upstream data. In both branches of the ONU, each one dedicated to one of two 
wavelengths as in [230], a reflective modulator performs the desired task of either 
detection or modulation. These basic functionalities have been particularly 
demonstrated for RSOA and SOA/REAM devices [201,231]. A tandem-configuration 
of such components inside the ONU permits advanced dual-operability and dynamic 
































































Fig. 7.1. Dual-operated PON with dynamic bandwidth partitioning. A pair of 
wavelengths is fed via the free spectral range property of the AWG towards 
the ONU that is designed with identical detector and remodulator. The 






According to the first aspect, namely the dual-operability of the access network, the two 
delivered wavelengths for each ONU are assigned to the two operators potentially 
sharing the PON infrastructure. The allocation of the optical carriers, illustrated in Fig. 
7.2, is chosen so that the downstream of these operators is transmitted in the red and the 
blue waveband. Since a red/blue filter (R/B) acts as the separator of the detection and 
modulation branch inside the ONU, the two downstream signals of the particular service 
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operators will arrive at the different reflective modulators. Depending on which of them 
is biased for detection, it is possible to select the operator (i.e. the appropriate 
wavelength) by electrical means.  
 Subsequently, we specify the upstream operation. Since each ONU is fed by two 
wavelengths but just a single downstream, the wavelength that is assigned to the second 
operator that is actually not chosen for downstream transmission can be left 
unmodulated. At the ONU, this optical seed at the opposite waveband than the received 
downstream carrier, arrives at the second reflective modulator that can be operated as 
upstream transmitter. Accordingly, the receivers at the OLT for both operators will have 
the reverse wavelength allocation than the OLT transmitters. Thus, a maximum use of 
the available optical spectrum is obtained, as optical carriers non-operative for the 
downstream are used for the upstream and dual-operability does not imply halving the 











































Fig. 7.2. Wavelength allocation to support dual-operability and dynamic 
bandwidth partitioning for n different ONUs fed by the wavelengths λR1+λB1 to 
λRn+λBn. 
 
An example for this scheme follows. In case of ONU i that would receive the i-th pair 
of wavelengths at λBi and λRi, the user has chosen operator 1 corresponding to Fig. 7.2. 
As shown in Fig. 7.3(a), the inactive wavelength allocated to operator (e.g. λBi in the 
blue waveband) is transmitted unmodulated at the OLT transmitter to allow the user to 
imprint it with upstream towards operator 1, which awaits this signal (at λBi) at the OLT 
receiver. 
 Service operators can be now switched electrically by simply choosing the 
appropriate bias current of the reflective modulator while reversing the direction of the 
RF amplifier. In this way the dedication between down- and upstream branch (i.e. the 
wavebands for the reflective modulator) is swapped and operator 2 is selected, as it is 
sketched in Fig. 7.3(d). 
 An alternative approach would be a duplication of photo detector and reflective 
modulator at the ONU, where also a power splitter (CS) would have to be placed in each 
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wavelength branch as it is illustrated in Fig. 7.1 as “alternative ONU”. This raises not 
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Fig. 7.3. Different modes of operation for the ONU regarding dynamic 
bandwidth allocation or a switch of the service operators. 
 
 
Dynamic Bandwidth Allocation 
 
Once the detector can be operated as remodulator, or vice versa, a configuration with 
two detectors or two remodulators is also feasible, allowing for fast and flexible 
electrical switching among down-/upstream transmission configurations from 0Rb/2Rb 
to 2Rb/0Rb, where Rb is the nominal data rate for the data streams.  
 In the case of normal operation, corresponding to Fig. 7.3(a), the blue wavelength is 
remodulated at the ONU for upstream transmission. The detection and modulation 
bandwidth of the reflective modulators at the ONU will be in principle designed 
according to this data rate so that no upgrade path regarding a higher data rate per 
wavelength is provided. Alternatively to this normal operation mode, both wavelengths 
can be used for downstream detection (Fig. 7.3(b)) and upstream transmission (Fig. 
7.3(c)), respectively. It is worth to note that each of the reflective modulators can be 
also operated in half-duplex transmission, allowing a variable upstream (or 
downstream) data rate between 0 Rb and 2 Rb (i.e. from 0 to 20 Gb/s for the case that Rb 
= 10 Gb/s). In such a case there is still downstream (or upstream) operation except for 
the extreme cases of operating the ONU with twice the nominal data rate. 
 This second aspect of varying the data rate in down- and upstream transmission can 
be advantageously used for the purpose of dynamic bandwidth partitioning. The 
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switching between the rates of both data streams can be in principle performed rapidly, 




7.2.2 Considerations for the Modulation Bandwidth 
The modulation bandwidth of SOAs depends typically on the current density in the 
active waveguide region and the optical input power. Fig. 7.4(a) and 7.4(b) show the 
obtained electro-optical response for the transistor-outline packaged RSOA that was 
used in this work. While for bias currents around the transparency threshold just a low 
electro-optical bandwidth is guaranteed, values of 1.3 to 1.4 GHz can be obtained for 
typical bias currents (Fig. 7.4(a)). The dependence on the optical input power is less 
pronounced for the used RSOA. For input power values from -7.5 to -15 dBm, the 
electro-optical bandwidth stays around 1.4 GHz for the chosen modulation bias current 
of 70 mA (Fig. 7.4(b)). Transmission at higher data rates of 5 and 10 Gb/s has been 
demonstrated in conjunction with passive equalization [15,232]. The biasing condition 
for the RSOA current is then determined by a trade-off between a large modulation 
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Fig. 7.4. (a), (b) Measured electro-optical modulation bandwidth and (c), (d) 
opto-electrical detection bandwidth of the RSOA for different bias current 
settings and input power levels. 
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In the case of the more rarely found application of a RSOA as detector, the detection 
bandwidth B is limited by the carrier lifetime τe. For a strong signal and negligible noise 
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where L is the length of the SOA and z the coordinate inside the active waveguide in 
propagation direction. R is the recombination term that is determined by a series of 
recombination coefficients and depends on the carrier density N. Γ and Wd are the 
confinement factor and the cross-section area of the active waveguide, respectively, gm 
is the material gain coefficient that depends indirectly on the bias current, and Ψ is the 
photon flux due to an incident data signal. A more detailed analysis on the detection 
performance of a SOA can be found in [233]. 
 Fig. 7.4(c) and 7.4(d) present the detection bandwidth of the used RSOA for different 
conditions of input power and bias current. Similar as for the case of modulation, the 
detection bandwidth shifts to higher values with higher values for the injected bias 
current (Fig. 7.4(c)) and the photon density (Fig. 7.4(d)) inside the active waveguide – 
as it is also obvious from equation 7.1. The figure of merits that lead to the choice of the 
operational bias point are a high detection bandwidth and a high responsivity, the latter 
defined as the relation between the swing in the optical power of the input signal and 
the induced change in the bias current. Although a high bias current would guarantee a 
high detection bandwidth, the responsivity decreases when entering the saturation 
regime of the RSOA; Since the signal and the spontaneous noise emission share the 
same carrier reservoir, a present modulation in the optical input signal will cause a 
reduced swing in the detected photo current when compared to operation in the more 
linear regime [234]. 
 In contrast to bandwidth-limited devices such as RSOAs, EAMs offer a much higher 
modulation and detection bandwidth. Although this kind of modulators are still bound 
to carrier dynamics and are therefore slower than interferometric electro-optical devices, 
the short device length and, consequently, the low capacitance has allowed to achieve 
electro-optical bandwidths of >50 GHz [170], especially with travelling-wave devices. 
Access applications with data rates of 10 Gb/s can easily take advantage of these well 





7.2.3 Applicability to Access Networks 
The feasibility of the proposed concept was assessed in terms of detection sensitivity 
and bandwidth requirements for the reflective modulators at the ONU. While the first 
will determine the compatible loss budget of the PON, the latter will have impact on the 
cost of the ONU. Two different kinds of reflective modulators were considered in this 
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work: a RSOA and a SOA/REAM, which are suitable for low and high data rate 




























































































































































































Fig. 7.5. Experimental WDM-PON setup with (a) RSOA- and (b) SOA/REAM-




RSOA as reflective modulator 
 
In a first step, the RSOA-based ONU was included in the WDM-PON shown in Fig. 
7.5(a). The wavelength pair for the ONU consisted of optical carriers in the C-band at 
1546.12 nm (R) and 1535.82 nm (B), which were modulated with MZMs with high ER. 
Though the OLT implementation looks costly at first glance, integrated transmitters 
have been already demonstrated [191]. The wavelengths were then combined with a 
R/B coupler (CT) that was centered at 1544 nm. A red and a blue wavelength are then 
recombined at each drop segment with a R/B coupler (CA), which could be simplified 
with an AWG that has a specific FSR. 
 The RSOAs correspond to the high gain devices with a low electro-optical 
bandwidth of 1.2 GHz as they have been used in chapter IV.4.4. The optimum bias for 
the detection of the 1.25 Gb/s downstream with the RSOA was found with ~60 mA. 
Transmission was also analyzed for a data rate of 2.5 Gb/s in the back-to-back case, in 
which several fibers were replaced by their equivalent attenuation. 
 The signal levels and OSNRs for the red (blue) wavelength were 6 (6) dBm and 44 
(42.7) dB when launched with the OLT booster (A in Fig. 7.4(a)), -8.1 (-8.7) dBm at the 
ONU input (B), 3.2 (1.6) dBm and 38.3 (37.8) dB after remodulation (C) and -12.9 
(-14.9) dBm at the input of the OLT receiver (D). This means a net gain of 11.3 (10.3) 
dB for the ONU. Degradation from RB at the drop fiber span did not cause any 
degradation due to the carrier distributed scheme for the upstream transmission thanks 
 
Chapter VII. ONUs with Higher Layer Functionality 248 
 
to the high gain of the RSOA: the OSRR was >40 dB. On the other hand, a high ONU 
net gain can cause severe RB of the amplified reflected downstream into the incident 
downstream signal. However, it was proven that the OSRR was >25 dB so that no 
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Fig. 7.6. BER measurements for (a) down- and (b) upstream. Dotted curves 
indicate the back-to-back case, dashed curves the presence of a feeder but 
no drop fiber and solid curves indicate present feeder and drop fibers. Hollow 
markers show results for a PRBS of length 2
7
-1 while filled markers represent 
a PRBS of length 2
31
-1. Single ended arrows indicate power margins for the 
reception according to the delivered optical power. 
 
The sensitivity for the downstream in the back-to-back case for the R-(B-)wavelength is 
-17.8 (-11.6) dBm at a BER of 10
-10
 and a PRBS of length 2
7
-1 (Fig. 7.6(a)). This is 
reasonable for WDM-PONs and shows that the detection capability of RSOAs is 
sufficient good. A penalty of 0.8 (1.1) dB is given for a long PRBS of length 2
31
-1. 
When the feeder and drop segments are composed by fiber, a penalty of 0.1 (0.2) dB is 
introduced, showing that bidirectional transmission is not critical. The difference in the 
sensitivities between the red and blue band is caused by the different rejection of the 
opposite waveband in the R/B splitter. The crosstalk of the red into the blue wavelength 
was -23.4 dB and 15 dB lower for the opposite case. 
 The input power of the ONU was fixed to the one given by the budget in the PON for 
the upstream measurements (Fig. 7.6(b)). The penalty in the back-to-back case between 
the two PRBS lengths is 0.4 (0.9) dB at a BER of 10
-10
. The difference in sensitivity 
between the red and the blue wavelength is reduced due to the additional band-pass 
filter used at the OLT receiver since crosstalk is then prevented. When transmitting 
through the fiber, the penalty over the back-to-back case is 0.4 (0.2) dB. The power 
margin for the downstream is 7.6 (1.5) dB and 17 (15.4) dB for the upstream. 
 Operation at 2.5 Gb/s suffers from reduced efficiency and an error floor in the 
downstream reception. However, transmission is possible at the FEC level with a 
penalty of 2.9 (2.9) dB for the downstream, while the upstream suffers from 3.1 (2.8) 
dB at a BER of 10
-10
. 
 The compatible optical loss budget for the PON with a nominal data rate of 1.25 
Gb/s is limited by the downstream reception to 21.7 (16.2) dB without FEC and to 29.5 
 
249  Chapter VII. ONUs with Higher Layer Functionality 
 
(24.2) dB with FEC. It shall be recalled that the penalty for the blue wavelength could 
be easily avoided by an R/B filter with better rejection at the ONU. 
 
 
SOA/REAM as reflective modulator 
 
Higher data rates can be achieved when the RSOAs in the ONU are replaced by suitable 
modulators with higher electro-optical bandwidth for modulation and also for detection. 
A good candidate is the SOA/REAM whose EAM section can be used as fast PIN diode 
[201]. The burst-mode operation of such an ONU for downstream detection and 
upstream transmission at 10 Gb/s was proven in a similar WDM-PON configuration 
(Fig. 7.5(b)) as it was used in the previous section. 
 The two wavelengths were here located in the C- and L-band at 1560.61 and 1592.95 
nm due to the gain spectrum of the SOA/REAM (see Fig. 4.31). The spacing between 
these optical carriers fits to the FSR of the AWG that was 32.5 nm. A burst-mode 
transmitter at the OLT and the ONU was generating a 125 µs GPON-compatible frame 
(with a 60 ns preamble for the case of the downstream) and duty cycles of 1:4, 1:2 and 
1:1 (i.e. continuous-mode) to further proof the DBA concept. A DCF with a dispersion 
of -671 ps/nm was included in the OLT receiver to reduce the interplay of the EAM 
chirp with the SMF. 
 Since there was only one chip available, the reception and transmission was not 
performed concurrently. However, no crosstalk into the channel of the other waveband 
has been observed when emulating the upstream signal with a laser diode at the ONU. 
 For downstream detection the SOA section was gated with a bias current of 120 mA 
according to the chosen duty cycle of the transmitted burst-mode downstream, while the 
EAM section was biased at -1.8 V (-4.2 V) at the C-(L-)band wavelength. The C-band 
EAM bias was lower due to the closer detuning from the absorption edge. 
 For upstream transmission the EAM section was biased at -1.1 V (-1.6 V) and 
modulated with 2 Vpp (3 Vpp), respectively, while the SOA was gated as mentioned for 
the reception. The L-band wavelength was changed to 1585.36 nm for the upstream for 
a better alignment with available L-band filters at the optical OLT receiver. Upstream 
ERs of 9.3 and 8.1 dB were obtained for the C- and L-band wavelength at the output of 
the ONU. 
 The signal levels and OSNRs for the C-(L-)band wavelength were then 7 (7) dBm 
and 42.3 (43.1) dB after the OLT booster (A in Fig. 7.5(b)) and -4.2 (-4.6) dBm at the 
ONU input (B). The ONU input was fixed to -7 dBm for the upstream measurements so 
that an error-free downstream reception can be guaranteed as will be shown shortly. The 
further power levels and OSNRs are -2.0 (-0.5) dBm and 36.6 (39.3) dB after 
remodulation at the ONU output (C) and -13.6 (-12.5) dBm at the input of the OLT 
receiver (D).  
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Fig. 7.7. BER measurements at 10 Gb/s for (a) downstream and (b) upstream 
in the C-band (filled markers) and the L-band (blank markers). Solid and 




-1, respectively. The 
horizontal line in the burst-mode eye diagram of the downstream stems from 
the AC-coupled off-level. 
 
The downstream in the L-band benefits from the improved L-band response of the 
SOA/REAM chips by ~3.5 dB when compared to the C-band transmission (Fig. 7.7(a)). 
The latter reaches sensitivities below -7.5 dBm for a PRBS of length 2
7
-1 at a BER of 
10
-10
 or a PRBS of length 2
31
-1 at the FEC threshold. Note that the 60 ns long preamble 
of the downstream, shown in Fig. 7.8(a) and excluded from the BER, is distorted due to 















Fig. 7.8. Burst-Mode traffic with a duty cycle of 1:4 for (a) the downstream and 
(b) the upstream. 
 
The C-band benefits from a 3 to 5 dB better reception sensitivity for the upstream since 
the used C-band HE980 EDF at the OLT preamplifier provides a higher gain than the L-
band iXF-FGL EDF. Sensitivities below -22 dBm were obtained for the L-band at a 
BER of 10
-10
 while reception at a BER of 10
-4
 is possible with sensitivities below -29 
dBm (Fig. 7.7(b)). Since the burst-mode traffic experiences excess gain in the EDF 
(which was operated without gain stabilization) as shown in Fig. 7.8(b), its sensitivity is 
slightly improved compared to the continuous-mode upstream, similar as in chapter 
VI.3.4. Compared to the downstream reception, no strong differences between the 
different PRBS lengths have been observed compared to the case of downstream 
reception, since the incident unmodulated optical carrier is partially clamping the carrier 
density inside the SOA. 
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 Similar as for the RSOA-based ONU, the loss budget of the PON is limited by the 
downstream reception to 16 (16.5) dB for the C-(L-)band wavelength but can be in 
principle increased with a better fiber-to-waveguide coupling, e.g. with the help of an 
integrated mode size converter. 
 
The validation of 10 Gb/s down- and upstream operation in burst-mode shows the 
feasibility of bandwidth partitioning up to 20 Gb/s, mainly supported by a substitution 
of the conventional photo diode -based receiver by a more functional integratable 
photonic device while still keeping a small form factor. 
 As a final comment, note that the Fabry-Pérot type SOA/REAM of chapter V.2 could 
be also used as tunable selector for different operators, which are operating the same 
PON at closely spaced wavelengths. 
 







Different techniques for optical access have been discussed in the previous chapters, 
covering a wide range of topics such as electro-optical modulation, wavelength reuse 
for full-duplex transmission with simple customer premises equipment, seeding 
techniques for the creation of supportive optical signals and the possibility of porting 
higher layer functionality to the physical layer. 
 What remains is to draw a set of rules for energy- and cost-efficient subsystem 
design for next-generation photonic access with outstanding transmission performance. 
Before an outlook for the future is given, a short technical conclusion is made. 
 
 
8.1 Technical Conclusion 
Simple devices such as the RSOAs, which provide first of all a low-cost solution with 
small form factor, have been shown to be capable for direct 10 Gb/s modulation just by 
applying a passive pre-distorting electrical filter. At the same time, RSOAs offer also a 
significant amount of optical amplification with small-signal gain values of more than 
20 dB for low optical seeds of -20 dBm and are therefore suitable for optical access 
networks with higher loss budgets in the GPON class B+ range – but at 10 Gb/s 
operation. 
 A further extension of the data rate can be obtained with integrated devices that are 
constituted by a SOA- and an EAM-section. Though the net gain of such devices is 
lower and the compatible loss budget is reduced, the driving requirements tend towards 
a greener solution due to the higher modulation efficiency of the EAM and the absence 
of the electrical pre-distortion losses thanks to the flat electro-optical EAM response 
beyond 10 GHz. The aspect of generating simultaneously phase and amplitude 
modulation can provide an upgrade path for the future, allowing not only to increase the 
data rate but can be also used to introduce aspects such as multi-operability, dynamic 
bandwidth allocation or in-band packet labeling. Some of these aspects can be further 
supported by the capability of the SOA/REAM to work as integrated, pre-amplified 
detector, whereas this functionality can be further extended for the reception of 
frequency modulated signals with an appropriate design of the device. 
 From a more integrating view on photonic subsystems that are incorporating these 
basic electro-optical building blocks, especially the inclusion of spectrally periodic 
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filters has shown the feasibility for full-duplex operation, in compatibility with WDM 
networks and high loss budgets. These optical filters give support for energy-efficient 
all-optical pattern erasure at high data rates at 10 Gb/s, thus enabling bidirectional 
transmission on a single wavelength using solely the amplitude modulation format for 
both, the down- and upstream direction. Though the downstream modulation is 
introduced on the optical carrier with an ER of 9 dB, the upstream transmission quality 
is good enough to leave just a small penalty after optical carrier recovery at the ONU, 
while complex modulators for phase- or frequency modulation are avoided at the 
downstream transmitter. Further, the downstream can be recycled by an all-optical clock 
recovery to obtain “ideal” optical pulses as seed for the upstream modulator, which is in 
principle bound to low electro-optical modulation bandwidths. 
 At the same time, the all-optical photonic circuits that have been shown to comprise 
mostly passive, resonating filter structures in combination with SOA elements can be 
applied for RB mitigation. The wavelength shift obtained by means of RZ clock tone 
recreation or FWM at the ONU has been proven to guarantee full-duplex transmission 
at fiber-based links with strong RB.  
 A last but not unimportant aspect when including SOA-based elements in the ONU is 
the recycling of the natural noise emission to generate optical signals with the help of 
seed loops. This not only allows to generate optical carriers for the self-seeded 
transmission of data signals and avoids the use of light sources for remote seeding of the 
reflective customer premises equipment, but provides also a way for generating pump 
signals for doped fiber amplifiers. Even with a limited output power per ONU, 
significant pump powers can be obtained by means of controlled noise slicing and 
multiplexing. As demonstrated, the splitting loss of optical power splitters can be 
reduced, e.g. from 15 to just 5 dB, leading to a smoother signal evolution along the 
optical network in terms of smaller concentrated losses between the particular 
amplification stages. This in turn allows to work with high splitting losses in tree-like 
access networks with splitting ratios of 1:1000 and higher, by reducing transmission 
impairments such as RB and noise accumulation at the same time. 
 
 
8.2 Outlook for the Future 
Looking closer at the investigation presented in the previous chapters, there are several 
ideas and thoughts hidden between the lines, which can be further developed. 
 Especially the generation of a QAM with an integrated SOA/EAM device can be a 
good driver for novel techniques in photonic networks, where different applications can 
rely on. Next to the dedication of the different tributaries for particular services or 
labeling purposes, this modulation technique can be also implemented as booster for the 
delivered data. Even with low modulation rates this can provide an interesting upgrade 
for photonic networks with spectrally closely spaced channels, such as UDWDM 
networks in conjunction with coherent detection. 
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 As already partially included in the previous thought, photonic integration will 
guarantee not only a more cost-efficient solution but will also improve the performance 
of the proposed techniques presented in the previous chapters. A good example for key 
elements in conjunction with several electro-optical devices will be the incorporation of 
ring resonators as spectrally periodic filtering devices or highly non-linear waveguides 
for optical signal processing. 
 Finally, the efficient reuse of light of several active elements will be an important 
aspect for next-generation photonic subsystems. This is not only related to the 
minimization of losses but also to the beneficial use of noise emission. With an efficient 
seeding technique, this can result in distributed pump delivery in self-amplified passive 
networks with remote EDF-based amplification stages at, and this is the best argument 




As conclusion of the conclusion shall be mentioned that photonic integration is 
indispensable as next evolutionary step but will, when applied cleverly, allow to provide 
extra functionality and not just basic transmission of the physical layer – taking also 
advantage of what nature inherently provides, and if it is just another device 
impairment. 
 





A. List of Acronyms 
 
A A/D  Add / Drop Filter 
AON  Active Optical Network 
APD  Avalanche Photo Diode 
AR  Anti-Reflection 
ASE  Amplified Spontaneous Emission 
ASK  Amplitude Shift Keying 
AWG  Arrayed Waveguide Grating 
 
B BER  Bit Error Ratio 
BM  Burst Mode 
BPF  Band-Pass Filter 
 
C C/L  C- / L- Waveband 
Capex  Capital Expenditures 
CM  Continuous Mode 
CO  Central Office 
 
D DBA  Dynamic Bandwidth Allocation 
DC  Directed Current 
DCF  Dispersion Compensating Fiber 
DF  Derivative Filter 
DI  Delay Interferometer 
DL  Delay Line 
DML  Directly Modulated Laser 
DPSK  Differential PSK 
DS  Downstream 
 
E e/o  electro/optical 
EAM  Electro-Absorption Modulator 
EDC  Electronic Dispersion Compensation 
EDF  Erbium-Doped Fiber 
EDFA  EDF Amplifier 
EML  Externally Modulated Laser 
EPON  Ethernet PON 
EQ  Equalizer 
ER  Extinction Ratio 
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F FBG  Fiber Bragg Grating 
FDL  Fiber Delay Line 
FEC  Forward Error Correction 
FPF  Fabry-Pérot Filter 
FP-LD Fabry-Pérot - Laser Diode 
FSK  Frequency Shift Keying 
FSR  Free Spectral Range 
FTTX  Fiber-to-the-X 
FWM  Four-Wave Mixing 
 
G GPON Gigabit PON 
 
I IEEE  Institute of Electrical and Electronics Engineers 
IM/DD Intensity Modulation / Direct Detection 
IRZ  Inverse RZ 
ITU  International Telecommunication Unit 
 
L LD  Laser Diode 
LO  Local Oscillator 
LPF  Low-Pass Filter 
 
M MAC  Medium Access Control 
MUX  Multiplexer 
MZM  Mach-Zehnder Modulator 
 
N NG-PON Next-Generation PON 
NRZ  Non-Return to Zero 
NTC  Negative Temperature Coefficient 
 
O o/o  optical/optical 
OA  Optical Amplifier 
ODN  Optical Distribution Network 
OFDM Orthogonal Frequency Division Multiplexing 
OLT  Optical Line Terminal 
ONU  Optical Network Unit 
OOK  On-Off Keying 
Opex  Operating Expenditures 
OSA  Optical Spectrum Analyzer 
OSNR  Optical SNR 
OSRR  Optical Signal-to-RB Ratio 
 
P P/S  Pump / Signal Splitter 
P2P  Point-to-Point 
PC  Polarization Controller 
PDG  Polarization Dependent Gain 
PDL  Polarization Dependent Loss 
PIN  Positive Intrinsic Negative 
PM  Phase Modulator or Polarization Multiplexing 
POF  Plastic Optical Fiber 
PON  Passive Optical Network 
PRBS  Pseudo-Random Bit Sequence 
PSK  Phase Shift Keying 
 
Q QAM  Quadrature Amplitude Modulation 
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R RB  Rayleigh Backscattering 
R/B  Red / Blue Splitter 
REAM Reflective EAM 
RF  Radio Frequency 
RIN  Relative Intensity Noise 
RLC  Resistor-Inductor-Capacitor 
RN  Remote Node 
RoF  Radio-Over-Fiber 
RSOA  Reflective SOA 
RX  Receiver 
RXF  Reception Filter 
RZ  Return-to-Zero 
 
S SCM  Sub-Carrier Multiplexing 
SMF  Standard single Mode Fiber 
SMSR  Side-Mode Suppression Ratio 
SNR  Signal-to-Noise Ratio 
SOA  Semiconductor Optical Amplifier 
SPL  Splitter 
SQRT  Square Root 
 
T TDM  Time Division Multiplexing 
TE  Transversal Electrical or thermo-element 
TEC  Temperature Controller 
TM  Transversal Magnetical 
TO  Transistor Outline 
TX  Transmitter 
 
U UDWDM Ultra-Dense WDM 
US  Upstream 
 
V VCSEL Vertical Cavity Surface Emitting Laser 
VDSL  Very high speed Digital Subscriber Line 
VSR  Very Short Reach 
 
W WDM  Wavelength Division Multiplexing 
 




B. List of Symbols 
 
         Chapter(s) 
α material loss coefficient     2 
chirp parameter      2, 3, 4, 5 
 EAM fitting parameter     4 
 loss of filter cavity      4 
 TE/TM power splitting factor    5  
 
a quadratic coefficient for band-gap energy   2 
differential (EAM) loss coefficient    4 
differential (SOA) gain constant    2, 5 
 
aλ optical gain constant for spectral roll-off   5 
A, Anrad linear non-radiative recombination coefficient  2 
δA optical bandwidth of ASE spectrum    6 
Arad linear radiative recombination coefficient   2 
ADS optical downstream amplitude    4 
ADS,res residual optical downstream amplitude   4 
 
β signal propagation coefficient    2 
 
b quadratic coefficient for band-gap energy   2 
B filter bandwidth      4 
bandwidth       7 
 
B, Brad bimolecular radiative recombination coefficient  2 
Bnrad bimolecular non-radiative recombination coefficient 2 
Be, Bel electrical bandwidth      4, 6 
Bo optical bandwidth      4 
 
γ the inverse of the carrier lifetime    2 
Γ confinement factor      2, 5, 6, 7 
ΓR damping factor of modulation response   2 
 
c speed of light       2, 3, 4 
 quadratic coefficient for band-gap energy   2 
 
Cj capacitance of SOA electrode    2 
Cp capacitance of bonding pad     2 
C, Caug Auger recombination coefficient    2 
CR coupling ratio       4 
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d (waveguide) thickness     2, 6, 7 
∆ RB coefficient of fiber     6 
D density of states in energy bands     2 
dispersion       3 
 
Dleak leakage recombination coefficient    2 
 
ε ratio between output and input extinction ratio  4 
 excess loss       6 
 
ε0 absolute permittivity      2 
εmin minimum power extinction for EAM   4 
 
e elementary charge      2, 4, 6 
E energy        2 
 electrical field       2 
 
Ea bottom of conductance band     2 
Eb top of valence band      2 
Efc quasi-Fermi level of conductance band   2 
Efv quasi-Fermi level of valence band    2 
Eg band-gap energy      2 
∆Eg band-gap shrinkage due to injected carriers   2 
Eg0 band-gap energy without injected carriers   2 
Ein input field amplitude      2, 4 
Eout output field amplitude     2, 4 
ER extinction ratio      4, 6 
ERDS downstream extinction ratio     4 
ERDS,res residual downstream extinction ratio   4 
ERin input extinction ratio      4 
ERout output extinction ratio     4 
ERUS upstream extinction ratio     4 
 
f Fermi-Dirac distribution     2 
(optical or electrical) frequency    4, 6 
 
δf frequency shift      4 
electrical resolution bandwidth    6 
 
f0 lower electrical cut-off frequency    6 
f1 upper electrical cut-off frequency    6 
fc Fermi-Dirac distribution of conductance band  2 
fi resonance frequency      3 
fv Fermi-Dirac distribution of valence band   2 
F electrical field distribution     2 
pulse format       4 
 finesse        4 
fiber loss       6 
 
FSR free spectral range      4, 5 
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g signal gain coefficient     2 
g0 small signal gain coefficient     2, 5 
gm material gain coefficient     2, 5, 6, 7 
g
’
m gain coefficient of material gain    2 
g
’’
m absorption coefficient of material gain   2 
G (optical) gain       2, 3, 4 
G0 small signal gain      2 
gain at space bit level      4 
 
G1 gain at mark bit level      4 
Gares gain at resonance dip      2, 5 
Gbw (optical) backward gain     2 
Gff (electrical) gain in feed-forward cancellation path  4 
Gres gain at resonance peak     2, 5 
Gs single pass gain      2, 5 
Gsoa gain of SOA section      5 
 
η quantum efficiency for photo detection   4, 6 
ηin fiber coupling efficiency at input facet   2 
ηout fiber coupling efficiency at output facet   2 
 
h Planck constant      2, 4, 6 
heo electro-optical impulse response    4 
H field transfer function of filter    4 
 
θ arbitrary angle      5 
Θ electrical spectrum      4 
 
idet, Idet detected electrical current     4, 6 
iDS detected electrical downstream current   4 
iff, Iff electrical feed-forward cancellation current   4 
ipp peak-to-peak modulation current    3 
I electrical (injection) current     2, 4, 6 
∆I small-signal modulation of electrical current  2 
I0 electrical (photo) current at space bit level   4, 6 
I1 electrical (photo) current at mark bit level   4, 6 
Ibias electrical bias current      4 
ID electrical diode current     4 
Idc DC bias current      3, 4 
IDS,res electrical (photo) current due to residual downstream 4 
Imod electrical modulation current     4 
Ipad injected current through bonding pad   2 
Is reverse electrical diode current    4 
Isemi injected current in semiconductor    2 
Ithres electrical threshold current for transparency   4 
IL insertion loss       4 
 
J required input power at ONU    6 
 
κ arbitrary magnitude      4 
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k Boltzmann constant      2, 4 
K noise normalization factor     2 
K0 carrier-independent absorption loss coefficient  2 
K1 carrier-dependent absorption loss coefficient  2 
Kg band-gap shrinkage coefficient    2 
 
λ wavelength       5 
δλ (optical) bandwidth      5 
λc center wavelength of gain peak    5 
λP pump wavelength      6 
Λ launched power at OLT     6 
δΛ channel bandwidth of optical filter    6 
 
L (waveguide, fiber, gemoetrical) length   2, 3, 4 5, 7 
Leam loss of EAM section      5 
Lp inductance of bonding wire     2 
LSL seed loop losses      6 
 
µ maximum number of disconnected network units  6 
 
m modulation index      4 
me effective mass of an electron in the conduction band 2 
mhh effective mass of a heavy hole in the valence band  2 
mlh effective mass of a light hole in the valence band  2 
M tree split       6 
M1 maximum optical power inside an arbitrary pulse  2 
 
ν optical frequency      2, 4, 6 
δν optical filter bandwidth     4 
∆ν optical bandwidth      2 
instantaneous chirp      2 
optical resolution bandwidth     2, 4 
 
νares antiresonant optical frequency    2 
νc optical cut-off frequency     2 
∆νc offset for optical cut-off frequency    2 
∆νm mode spacing       2 
νres resonant optical frequency     2 
 
n density of electrons      2 
refractive index      2, 4, 5 




 carrier number      2 
∆n small-signal modulation of carrier density   2 
n0 initial refractive index     5 
n1 refractive index of active region    2 
n2 refractive index of cladding material    2 
neff effective refractive index     2 
neh refractive index change per carrier pair   5 
neq equivalent refractive index     2 
neq0 equivalent refractive index without carrier injection 2 
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ng group refractive index     2 
N carrier density       2, 5, 6, 7 
optical noise output power     2 
 
∆N change in carrier density     5 
N0 carrier density at equilibrium     2, 5 
NASE ASE power       2 
Nin input optical noise power level    4 
Nres,out optical noise output power at resonant frequency  2 
NT transparency carrier density     2, 5 
NF noise figure       2, 4 
 
O output power at ONU      6 
OSNR optical signal-to-noise ratio     2, 4 
OSRR optical signal-to-RB ratio     6 
 
πDS logical downstream bit pattern    4 
πUS logical upstream bit pattern     4 
Π power margin       6 
 
p density of holes      2 
pRF, Prf radio frequency power     3, 6 
P, Psig optical (signal) power, photon rate    2, 4, 5, 6 
P
*
 photon number      2 
∆P small-signal modulation of optical power   2 
excursion in optical power     4 
 
P0 (average) optical power at space bit level   4 
P0,in input optical power level at space bit level   4 
P0,out output optical power level at space bit level   4 
P0max maximum level in space rail     4 
P1  (average) optical power at mark bit level   4 
P1,in input optical power level at mark bit level   4 
P1,out output optical power level at mark bit level   4 
P1min minimum level in mark rail     4 
Pavg average optical power level     4 
Pdet detected power      5 
PDS power of downstream signal     6 
Pin optical input power      2, 3, 4 
Pmax maximum optical power level    4 
Pout optical output power      2, 3, 4 
Ps reception sensitivity      4 
Ps,ideal ideal reception sensitivity     4 
Psat,out saturation output power     4 
Psat saturation power      2, 5 
PBDS power budget for downstream    4 
PBUS power budget for upstream     4 
 
Q quality factor       4, 6 
Qeff effective quality factor     4 
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ρ error magnitude      4 
 
r1 front facet field reflectivity     2 
r2 rear facet field reflectivity     2 
R recombination       2, 6, 7 
 (facet) reflectivity      4, 5 
received power at OLT     6 
 
R1 front facet power reflectivity     2, 5 
R2 rear facet power reflectivity     2, 5 
Rb data rate       4, 6 
Rc resistance of cladding region of SOA   2 
Rj junction resistance of SOA     2 
Rnrad non-radiative carrier recombination rate   2 
Rrad radiative carrier recombination rate    2 
Rsp spontaneously emitted noise     2 
RIN relative intensity noise     6 
 
σ0 electrical noise variance at space bit level   4, 6 
σ1 electrical noise variance at mark bit level   4, 6 
 
σASE spectral noise output power     2 
σin spectral density of optical noise input   2 
σN spectral density of optical noise photon rate   2 
Σ splitter loss       6 
 
S signal power       2 
responsivity of photo detector     4 
 spectral density (in electrical domain)   4, 6 
 
SDS  reception sensitivity in downstream direction  4 
SUS reception sensitivity in upstream direction   4 
SNR signal-to-noise ratio      6 
 
τ decay time       4 
∆τ time delay       4 
τe carrier lifetime      2, 5, 7 
τeff effective time constant     2 
 
t time        2, 4, 5, 6 
t0, t1 arbitrary point of time     4 
T optical gain spectrum      2 
temperature       4 
 
δT temperature fluctuation     4 
T0 mean lifetime for coherent interaction of electrons  2 
Tb bit period       4 
Team EAM transfer function     4 
Tmax maximum filter transmission     4 
Trtt round trip time      4 
 
UD electrical diode voltage     4 
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UT thermal voltage of diode     4 
 
vg group velocity       2 
V electrical voltage      4 
volume       2, 6 
 
Va EAM fitting parameter     4 
Vbias electrical bias voltage      4 
Vff electrical feed-forward cancellation voltage   4 
Vin electrical input voltage     4 
Vknee electrical EAM knee voltage     4 
Vmod electrical modulation voltage     4 
 
ω electrical angular frequency     4 
optical angular frequency     2, 5 
 
Ω angular electrical modulation frequency   2 
ΩR resonance angular frequency of modulation response 2 
 
w, W (waveguide) width      2, 6, 7 
 
x coordinate in space      2 
 
ξ transient-induced eye closure    2 
ASE slicing loss      6 
 
ξDS penalty for downstream reception    4 
ξUS penalty for upstream reception    4 
Ξ electrical eye opening     4 
 
y molar fraction       2 
 coordinate in space      2 
 
φ single-pass phase shift     2 
optical phase       2, 5 
 
∆φ optical phase change      5 
Φ fiber loss       6 
 
χ noise contribution due to residual downstream  4 
loss reduction       6 
 
ψ quality factor improvement     4 
Ψ photon rate, flux      2, 7 
gain ripple contrast      5 
 
z coordinate in space      2, 7 
PRBS radix       4 
 
ζ amount of backscattered light    6 
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